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1.  INTRODUCTION 


The  objective  of  this  research  is  to  improve  our  ability  to  observe  and  theoretically 
model  the  ionospheric  "weather".  In  this  contract,  we  have  studied  five  issues  where  we 
have  had  the  tools  and  experience  to  make  significant  progress.  Those  issues  include:  1) 
Global  F  region  modeling,  2)  GPS  observations,  3)  Electron  backscatter  and  Proton 
precipitation,  4)  Modeling  high-latitude  F-region  blobs  and  patches,  and  5)  Optical 
Radiation. 

2.  GLOBAL  F  REGION  MODELING 

During  this  contract,  we  have  been  involved  in  data  collection,  data  analysis,  and  the 
testing  of  the  Global  Theoretical  Ionospheric  Model  (GTIM)  all  with  the  purpose  of 
improving  our  ability  to  model  the  weather  of  the  F  region  of  the  earth's  ionosphere. 

2.1  Total  Electron  Content  Over  the  Pan  American  Longitudes:  March  -  April  1994 

From  28  March  94  to  15  April  94,  Patricia  Doherty  participated  in  a  major  field  data 
collection  campaign.  Participation  included  the  installation,  maintenance  and  operation  of 
a  Magnavox  MX  1502  Satellite  Receiver  System  in  Bermuda  for  the  duration  of  the 
campaign.  The  prime  purpose  of  the  campaign  was  to  observe  the  day-to-day  variability  of 
the  equatorial  anomaly  using  ionospheric  tomography  techniques.  The  anomaly  region, 
typically  between  +/-  25  degrees  of  the  magnetic  equator,  is  that  part  of  the  world  where 
the  highest  values  of  electron  density  and  TEC  occur.  Fluctuations  in  the  anomaly  can  be 
very  intense  and  can  affect  high-frequency  radio  propagation.  A  summary  of  the  campaign 
and  the  work  done  to  date  in  analyzing  the  observations  is  contained  in  the  paper,  "Total 
Electron  Content  Over  the  Pan  American  Longitudes:  March  -  April  1994"  by  P.H. 

Doherty,  D.N.  Anderson,  J.  Eicher,  and  J.A.  Klobuchar.  A  copy  of  this  paper  is  appended 
to  this  report  (Appendix  1.). 


2.2  Solar  Cycle  Dependencies  in  Mid-Latitude  Total  Electron  Content 

Total  Electron  Content  data  recorded  at  Hamilton,  MA,  over  the  last  three  solar 
cycles  has  been  analyzed  to  illustrate  short  and  long  term  effects  of  solar  activity.  A 
summary  of  this  analysis  is  contained  in  the  paper  "Solar  Cycle  Dependencies  in  Mid- 
Latitude  Total  Electron  Content"  by  P.H.  Doherty  and  J.A. Klobuchar.  A  copy  of  this 
paper  is  appended  to  this  report  (Appendix  1.). 


2.3  Improving  IRI90  Low  Latitude  Ionospheric  Specification 

At  low  latitudes  a  number  of  comparisons  between  the  International  Reference 
Ionosphere  (IRI90)  model  of  F-region  electron  density  profiles  with  observed  profiles 
measured  by  the  Jicamarca  incoherent  scatter  radar  indicate  that  during  the  daytime,  the 
observed  profile  shape  is  much  broader  in  altitude  than  that  specified  by  IRI90  while  at 
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night,  just  after  sunset,  observed  F2-peak  altitudes  are  significantly  higher.  We  have 
worked  on  using  the  Parameterized  Ionospheric  Model  (PIM)  to  develop  an  option  for 
IRI90  that  would  improve  its  specification  of  the  low  latitude  ionosphere.  A  summary  of 
this  work  is  given  in  the  paper  "Improving  IRI90  Low  Latitude  Ionospheric  Specification 
by  A.J.  Preble,  D.T.  Decker,  and  D.N.  Anderson.  A  copy  of  this  paper  is  appended  to  this 
report  (Appendix  1.). 


2.4  June  1991  Storm  Analysis 

The  month  of  June  1991  was  a  period  affected  by  major  magnetic  storm  activity. 
There  were  six  sudden  commencement  storms  observed  between  June  3rd  and  the  16th. 
Total  Electron  Content  (TEC)  measurements  recorded  at  three  Air  Weather  Service 
Stations,  Hamilton,  MA,  Kennedy  AFB,  FL  and  Ramey,  Puerto  Rico  have  been  analyzed 
to  observe  the  effects  of  this  storm  activity.  These  TEC  values  were  obtained  from 
continuous  measurements  of  Faraday  polarization  changes  of  VHF  radio  signals  emitted 
from  geostationary  satellites  of  opportunity. 

Figure  1  illustrates  the  results  of  this  analysis.  Diurnal  curves,  from  each  station, 
are  plotted  for  June  8th  through  the  13  th.  On  June  8th,  a  sudden  commencement  storm 
occurred  at  1500  UT  (1 100  LT  for  these  3  stations).  All  three  stations  responded  to  this 
activity  with  an  immediate  sharp  rise  in  TEC  followed  by  major  depletions  for  the  next 
two  days.  Continued  geomagnetic  disturbances  resulted  in  very  unusual,  but  remarkably 
similar,  observations  at  Ramey  and  Kennedy  through  the  13th  of  June.  Observations  at 
Hamilton  were  also  severely  disturbed. 

From  this  analysis,  we  conclude  that  the  severity  of  the  geomagnetic  activity 
resulted  in  the  appearance  of  equatorial  electro  dynamic  effects  as  far  north  as  Florida. 

These  measurements  coincided  with  model  results  using  the  low-latitude  portion  of 
GTIM.  GTIM  is  a  time-dependent,  theoretical  model  which  solves  the  ion  continuity 
equation  for  the  0+  concentration  through  production,  loss  and  transport  of  ionization. 
Observed  vertical  drift  velocities  measured  at  the  Jicamarca,  Peru  incoherent  scatter  radar 
facility  during  the  storm  were  incorporated  into  the  model  to  calculate  electron  density 
profiles  as  a  function  of  dip  latitude  and  local  time.  In  Figure  2,  we  illustrate  the  results  of 
the  model  by  showing  contours  of  NmF2  (the  F2  peak  density)  as  a  function  of  dip  latitude 
and  local  time.  Here,  the  results  reveal  a  strong  poleward  shift  of  the  equatorial  anomaly 
to  as  far  north  as  28  degrees  dip  latitude.  In  order  to  make  detailed  day  to  day  comparisons 
with  data,  it  will  be  necessary  to  modify  GTIM  to  accept  more  than  24  hours  of  drift  data. 
This  would  then  allow  the  simulation  of  an  entire  period  of  pre-storm,  storm  and  post- 
storm  conditions. 


2.5  Day-to-Day  Comparison  of  Calculated  and  Observed  Electron  Densities  at 
Midlatitudes 

Over  the  last  few  years,  there  has  been  an  increasing  effort  to  validate  various 
theoretical  models  of  the  earth’s  ionosphere.  In  the  work  done  to  date,  the  focus  has  been 
almost  exclusively  on  comparisons  between  a  calculation  of  a  24  hour  day  using  typical  or 
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average  inputs  with  either  monthly  means  of  observations  or  data  from  a  "typical"  quiet 
day.  But,  there  is  growing  interest  on  how  well  the  day  to  day  "weather"  of  the  ionosphere 
can  be  modeled.  With  that  in  mind,  we  have  simulated  the  day  to  day  variations  for  May 
and  December  1990  at  Wallops  Island,  Virginia. 

Our  initial  goal  was  to  simply  see  how  good  or  bad  a  job  GTIM  does  at  simulating 
the  day-to-day  variability  when  the  model  is  driven  by  statistical  or  empirical  geophysical 
inputs.  A  follow  on  goal  was  to  see  how  much  of  any  discrepancy  between  data  and 
theory  can  be  understood  in  terms  of  uncertainty  in  the  geophysical  inputs.  The  data  we 
used  were  the  hourly  F2  peak  parameters  from  digisonde  measurements  made  at  Wallops 
Island.  GTIM  is  a  one  species  F-region  model  that  solves  the  ion  continuity  and 
momentum  equations.  In  such  a  model,  it  is  the  day  to  day  variation  in  the  required 
geophysical  inputs  that  causes  a  day  to  day  variation  in  the  model  output.  This  variation 
in  the  geophysical  inputs  is  determined  by  the  variability  in  the  F10.7  cm  solar  flux  and  the 
daily  magnetic  index  Ap. 

Of  all  the  required  geophysical  inputs,  it  is  the  neutral  wind  that  we  suspect  is  our 
greatest  source  of  day  to  day  variability.  Thus,  we  have  simulated  the  entire  months  of 
December  and  May  using  three  different  neutral  wind  models.  The  first  simulation  used 
HWM-87  and  the  second  used  the  VSH  wind  model.  The  third  simulation  used  the 
approach  of  treating  the  wind  as  a  free  parameter  and  requiring  that  the  model  reproduce 
the  observed  hmF2.  In  Figure  3,  we  show  for  the  first  twelve  days  of  December,  1990  the 
observed  NmF2  compared  to  the  results  from  the  three  simulations.  The  solid  curve  is  the 
data,  the  long  dashed  curve  is  the  HWM-87  simulation,  the  middle  dashed  curve  the  VSH 
results,  and  the  shortest  dashed  curve  is  from  fitting  to  hmF2.  We  see  that  the  HWM-87 
does  the  best,  though  all  three  simulations  reproduce  the  gross  features  of  the  diurnal 
behavior.  None  of  the  simulations  seem  to  follow  the  day  to  day  variability  especially 
around  and  just  before  noon.  The  fact  that  none  of  these  simulations  seem  to  follow  what 
day  to  day  variability  there  is  leads  us  to  suspect  that  for  this  month  we  cannot  understand 
that  variability  simply  in  terms  of  uncertainties  in  the  neutral  wind. 

Turning  to  May,  we  see  dramatically  different  results.  In  Figure  4,  we  show  for  the 
first  twelve  days  of  May  1990  the  observed  NmF2  (solid  curve)  compared  to  a  simulation 
using  HWM-87  (dashed  curve).  We  see  that  in  both  the  data  and  the  theory  there  is  much 
less  diurnal  variation  than  in  December  Jiowever  the  model  results  are  obviously  much  too 
large.  On  some  of  the  quieter  days  (day  2  and  days  5-8)  the  data  and  model  are  in  closer 
agreement  but  on  magnetically  active  days  such  as  days  10  and  1 1  the  model  has  major 
difficulties.  On  all  days,  we  see  that  the  model  maintains  NmF2  right  through  until  after 
midnight  whereas  on  several  of  the  days  the  observations  show  a  definite  decrease  in 
NmF2  through  out  the  pre-midnight  period.  In  looking  at  the  effects  of  different  wind 
models,  we  find  that  the  VSH  model  makes  little  difference.  The  results  of  fitting  to  hmF2 
are  shown  in  Figure  5,  and  while  on  certain  days  this  procedure  does  produce  a  decay  of 
NinF2  in  the  pre-midnight  period,  there  are  days  in  which  the  model  still  has  severe 
problems.  We  conclude  that  the  empirical  geophysical  inputs  are  simply  inadequate 
during  magnetically  active  periods.  In  particular,  the  problem  is  not  confined  to  just  the 
neutral  winds  but  mostly  likely  involves  the  neutral  densities  and  temperatures  as  well  as 
possibly  the  electric  fields  and  plasma  temperatures. 

Thus  we  conclude  that  while  a  GTIM  driven  by  statistical  or  empirical  geophysical 
inputs  produces  a  day  to  day  variation,  that  variation  appears  to  have  little  to  do  with  the 
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observed  variations.  For  any  specific  day,  we  find  that  the  observed  monthly  median  or 
the  GTIM  calculated  median  is  likely  to  be  a  better  predictor  than  that  day's  GTIM 
simulation. 


2.6  Theoretical  Model  Comparisons 

As  part  of  our  effort  in  global  modeling,  we  have  taken  part  in  the  PRIMO 
workshop  that  has  been  held  at  the  last  several  annual  CEDAR  meetings.  One  outcome  of 
those  meetings  is  that  the  five  modeling  groups  involved  are  now  working  on  a  paper  on 
the  "Intercomparison  of  Physical  Models  and  Observations  of  the  Ionosphere".  For  that 
paper,  we  have  begun  a  careful  comparison  between  our  global  theoretical  ionospheric 
model  (GTIM)  and  the  Utah  State  University's  time  dependent  ionospheric  model  (TDIM). 

As  a  first  step  in  this  study,  we  chose  to  compare  the  model's  inputs  at  three 
altitudes  (125, 250 ,  and  400  km)  at  each  UT  hour  for  a  calculation  at  Millstone  Hill  under 
solar  maximum  winter  conditions.  Initially  the  only  large  difference  was  in  the  source 
functions  at  125  km.  Upon  examining  the  entire  source  profile  from  GTIM,  we  found  an 
unreasonably  large  increase  below  around  125  km.  This  increase  was  the  result  of  round 
off  problems  in  the  implementation  of  the  Chapman  function  for  calculating  column 
densities  at  large  solar  zenith  angles.  This  problem  has  now  been  solved  and  we  find  that 
all  the  inputs  agree  to  within  a  few  tens  of  percents. 

We  also  began  a  comparisons  between  GTIM  and  the  Space  Environment  Lab's 
coupled  thermosphere/ionosphere  model  (CTIM).  As  is  evident  from  its  name,  CTEM 
couples  the  neutral  and  ionized  atmospheres  and  hence  calculates  ion  densities  as  well  as 
neutral  densities,  temperatures  and  winds.  In  contrast,  GTIM  calculates  ion  densities,  but 
the  neutral  quantities  have  to  be  supplied  as  inputs.  Typically  those  inputs  come  from 
empirical  models  such  as  MSIS-86  and  HWM-87.  As  a  first  step  in  our  study,  we 
compared  a  standard  GTIM  run  to  both  a  CTIM  run  and  observations.  In  Figures  6  and  7 
we  show  standard  runs  for  December  22  1990  compared  to  the  median  for  the  month  at 
Millstone.  The  solid  curve  is  the  data,  GTIM  results  are  the  long  dashed  curve,  and  CTIM 
results  are  the  short  dashed  curve.  Figure  6  shows  the  density  of  the  peak  of  the  F2  region 
(NmF2)  and  Figure  7  shows  the  altitude  of  the  F2  peak  (HniF2).  The  agreement  between 
models  and  between  models  and  observations  is  fairly  typical  of  what  we  have  seen  in 
earlier  work. 

In  order  to  make  a  more  precise  comparison  between  the  ionospheric  calculations  of 
the  two  models,  it  is  necessary  to  use  the  neutral  quantities  calculated  by  CTIM  as  the 
neutral  inputs  to  GTIM.  When  we  examine  the  neutral  winds,  densities,  ^d  temperatures 
calculated  by  CTIM,  we  find  the  winds  weaker,  the  densities  lower,  and  the  temperatures 
cooler  than  the  empirical  models  used  by  GTIM.  In  Figures  8  and  9  we  present  the  results 
of  using  the  CTIM  quantities  as  the  inputs  for  GTIM.  The  solid  curve  gives  the  CTIM  F2 
peak  results  and  the  dashed  curves  are  the  various  GTIM  results.  The  longest  dashed 
curve  is  the  standard  GTIM  calculation  where  the  neutral  densities,  temperatures,  and 
winds  come  from  empirical  models.  The  curve  of  shortest  dashes  is  the  GTIM  results 
where  all  the  neutral  quantities  come  from  CTIM.  The  intermediate  dashed  curve  is  the 
GTIM  calculation  that  used  CTIM  neutral  winds  but  MSIS86  neutral  densities  and 
temperatures.  We  see  that  using  the  CTIM  winds  enhances  the  NmF2  in  the  afternoon 
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leading  to  poorer  agreement  between  GTIM  and  CTIM.  However  using  all  the  CTIM 
neutral  quantities  brings  the  models  back  into  much  better  agreement. 

While  using  all  the  CTIM  neutral  quantities  as  inputs  for  GTIM  leads  to  better 
agreement,  differences  do  remain  between  the  models  especially  in  the  afternoon  and  early 
evening.  Calculations  performed  using  non-zero  fluxes  at  the  top  boundary  indicate  that 
GTIM  F2  peak  results  are  sensitive  to  this  boundary  condition.  Thus  we  should  use 
boundary  fluxes  that  are  consistent  with  what  is  occurring  within  CTIM.  Also,  if  H+  is 
important  at  the  top  altitude  then  either  the  boundary  in  GTIM  should  be  lowered  or  the 
GTIM  boundary  flux  should  include  the  H"*"  flux  as  well  as  the  flux. 

2.7  Theoretical  Modeling  of  the  1994  Chile/MISETA  Campaign 

During  the  Chile/MISETA  campaign,  27  Sept,  to  3  Oct.  1994,  a  number  of  ground- 
based  and  satellite-borne  instruments  obtained  data  on  electron  density  profiles,  neutral 
wind  velocities,  vertical  and  horizontal  ExB  drift  speeds,  optical  and  radar  signatures  of 
equatorial  bubbles  and  spread  F/scintillation  occurrences.  We  have  performed  a  series  of 
simulations  of  specific  days  from  this  campaign.  In  our  first  simulations,  we  used  the 
Global  Theoretical  Ionospheric  Model  (GTIM)  to  calculate  the  ambient  ionospheric 
conditions  on  Sept.  29  and  30, 1994.  We  compared  with  Jicamarca  digisonde.  Aqua 
Verde  digisonde,  and  DMSP  insitu  observations.  We  also  calculated  flux- tube  integrated 
generalized  Rayleigh-Taylor  growth  rates  for  these  two  days. 

The  inputs  for  the  simulations  were  from  our  standard  set  of  empirical  models.  The 
one  exception  was  the  vertical  ExB  drift  inputs  which  were  based  on  the  Jicamarca 
incoherent  scatter  radar  observations  of  Sept  29  and  30.  On  Sept.  29,  the  observed  post 
sunset  drift  was  smaller  than  the  averaged  drift.  On  Sept  30,  just  the  opposite  was  the  case. 
On  both  days  the  calculations  using  the  observed  drifts  produced  hmFaS  that  were  in  better 
agreement  with  Jicamarca  digisonde  observations  than  calculations  using  average  drifts. 

On  the  other  hand  the  agreement  with  the  F2  peak  parameters  measured  at  Aqua  Verde  was 
poor.  At  860  km,  GTIM  showed  a  similar  shape  in  latitude  as  compared  to  DMSP  insitu 
measurements,  but  well  overestimated  the  observed  magnitudes  of  the  electron  density. 

Spread  F  was  observed  on  Sept  30  but  not  on  Sept  29.  Calculations  of  the  NRT 
growth  rates  were  qualitatively  consistent  with  this  observations.  On  Sept  29,  the  shortest 
calculated  e-folding  time  was  36  minutes  at  around  1900  mlt  whereas  on  Sept  30  it  was  9 
minutes. 

For  the  next  set  of  simulations,  we  made  several  improvements  to  the  low  latitude 
portion  of  GTIM.  We  reorganized  the  selection  of  L  shells  so  that  the  model  is  more 
robust  and  no  longer  requires  that  the  net  vertical  drift  over  24  hours  be  zero.  We  began 
using  the  Brace  and  Theis  electron  temperature  model  rather  than  a  parameterized 
Millstone  solar  minimum  electron  temperature.  In  our  linear  growth  rate  calculation,  we 
modified  it  to  include  the  ratio  of  the  F  region  Pedersen  conductivity  to  the  total  Pedersen 
conductivity.  Finally,  we  also  added  for  each  fluxtube  the  calculation  of  the  integral  over 
time  of  the  growth  rate.  This  was  included  to  give  us  a  parameter  that  would  give  a 
measure  of  both  whether  you  had  a  positive  growth  rate  and  whether  it  was  positive  for 
long  enough  time  to  allow  for  significant  growth  of  some  initial  perturbation.  This  was 
previously  used  as  a  diagnostic  parameter  by  Kelley  and  Maruyama  in  a  paper  on  a 
diagnostic  model  for  equatorial  spread  F. 
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Simulations  were  performed  for  four  days  of  the  campaign.  The  agreement  with 
digisonde  measured  F2  peak  parameters  at  Jicamarca  was  good.  To  the  south  closer  to  the 
anomaly,  we  found  fair  agreement  with  the  F2  peak  parameters  measured  at  Agua  Verde. 
In  particular,  our  improved  electron  temperature  input  produced  much  better  agreement 
with  NmF2  in  previous  simulations.  We  also  compared  with  vertical  TEC  measurements 
from  TOPEX  and  found  consistent  agreement.  By  this  we  mean  that  while  the 
observations  were  never  directly  within  the  Jicamarca  meridian,  the  simulations  were 
consistent  with  the  character  of  the  orbit  to  orbit  variations  seen  by  TOPEX. 

The  growth  rate  calculations  were  qualitatively  consistent  with  the  spread  F 
observations.  When  spread  F  was  observed  the  rates  were  larger  and  they  were  smaller 
when  no  spread  F  was  observed.  However,  no  clear  difference  was  seen  between  the  day 
that  had  weak  bottomside  spread  F  versus  the  day  that  had  the  large  plumes  extending  to 
above  1000  km. 

On  two  days  of  the  campaign,  the  vertical  drift  data  ends  at  around  1900  local  time 
when  spread  F  was  observed  to  begin  and  the  radar  was  switched  into  a  different  mode. 
Using  the  observed  drift  as  an  input  to  the  model  lead  to  reasonable  agreement  with  the 
digisonde  measured  F2  peak  parameters  before  1900  hours,  however  after  this  timp.  there 
was  poor  agreement  especially  for  hmF2.  For  both  days,  hmF2  was  seen  to  increase  at 
between  20  and  24  hours.  We  decided  to  model  this  behavior  by  using  the  vertical  drift  as 
a  free  parameter  during  those  times  that  drift  measurements  were  unavailable.  The  point 
was  not  to  claim  that  we  are  inferring  the  actual  drift  but  to  simply  use  the  drift  as  a 
convenient  parameter  for  fitting  the  observed  hmF2.  Our  goal  was  to  see  how  our  growth 
rate  calculations  who  be  effected  if  the  model  more  closely  followed  the  observed  F2  peak 
behavior  at  Jicamarca.  In  both  cases,  the  effect  was  to  have  the  growth  rate  increase  again 
after  it  had  fallen  off  from  its  earUer  high  around  1900  LT.  The  integral  of  the  growth  rate 
was  able  to  climb  to  over  5  e-foldings.  This  represents  a  factor  of  148  increase  over  any 
initial  perturbation.  While  this  was  suggestive  of  spread  F  activity,  it  was  not  as  large  as 
the  10  e-foldings  seen  by  Kelly  and  Maruyama. 

We  also  examined  neutral  wind  data  from  Arequipa  and  found  that  it  will  be  quite 
difficult  to  use  as  an  input  to  the  model.  The  problem  is  that  it  provides  wind  only  for  one 
location  over  a  limited  time,  whereas  the  model  needs  winds  over  24  hours  at  a  large  range 
of  latitudes.  How  to  integrate  this  type  of  data  with  a  global  wind  model  is  an  open 
question  especially  when  the  data  is  very  different  from  what  the  empirical  wind  model 
predicts.  We  performed  one  calculation  using  a  very  simple  merging  of  wind  data  and 
model.  The  results  showed  as  expected  that  the  neutral  wind  is  a  crucial  parameter 
however  the  agreement  with  observations  was  poorer  than  when  using  the  normal 
empirical  wind  model. 


2.8  Magnetic  Storm  Studies 

The  Federal  Aviation  Administration  (FAA)  Satellite  Program  Office  is  developing  a 
Wide  Area  Augmentation  System  (WAAS)  based  on  the  GPS  system.  It  is  intended  to 
support  enroute  through  precision  approach  flight  operations.  In  this  quarter,  we  have 
continued  to  study  potential  ionospheric  effects  on  GPS  signals  that  would  have  a  major 
impact  on  the  precise  ranging  requirements  of  WAAS.  In  order  to  determine  “worst  case” 
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ionospheric  gradients  which  the  WAAS  Stations  might  encounter,  we  looked  into 
ionospheric  range  delay  changes  during  all  the  geomagnetic  storms  for  which  we  could 
find  data  for  the  last  solar  maximum  period.  Unfortunately,  we  only  had  consistent,  well 
caUbrated  TEC  data  from  four  east  coast  North  American  stations.  From  this  data  base  we 
have  attempted  to  assemble  a  “composite  worst  case”  storm  for  analysis.  It  is  important  to 
note,  however,  that  each  geomagnetic  storm  has  its  own  characteristics.  This  “composite 
worst  case”  storm  is  based  on  the  major  geomagnetic  storm  that  occurred  in  March  1989. 
Figure  10  illustrates  the  March  1989  storm  in  which  TEC  measurements  made  for  a  six 
day  period  from  the  four  east  coast  North  American  stations  are  shown.  The  storm  onset 
occurred  late  on  12  March.  Note  the  large,  short  lived  TEC  increase  seen  at  the  Ramey, 
Puerto  Rico  station  late  on  March  13.  Also,  note  that  the  data  from  the  Kennedy  AFB,  FL 
station  indicated  a  large  increase,  but  that  the  most  important  portion,  near  00  hours  on  14 
March  UT,  is  missing.  The  Kennedy  data  is  missing  during  that  important  period  due  to 
the  extremely  strong  scintillation  on  the  VHF  signal  from  the  geostationary  satellite  of 
opportunity  being  used  to  make  these  TEC  observations  during  that  period.  The  strong 
VHF  scintillation  which  precluded  the  measurement  of  TEC  at  the  Kennedy  AFB  site 
during  that  time,  doesn’t  imply  that  scintillation  would  have  occurred  on  GPS  frequencies. 

An  example  of  ionospheric  range  delays,  in  units  of  meters  at  LI,  over  the 
Continental  United  States  (CONUS),  for  a  quiet  ionosphere,  is  shown  in  Figure  1 1.  These 
contours  are  quite  smooth  and  the  operational  WAAS  would  not  have  trouble  in 
transmitting  ionospheric  range  delays  and  their  nominal  errors  to  aircraft  in  this  average 
environment.  Figure  12  shows  ionospheric  range  delay  contours,  also  in  units  of  meters  of 
range  delay  at  LI,  during  the  major  geomagnetic  storm  which  occurred  in  March  1989. 
Note  the  large  gradient  south  of  the  island  of  Cuba.  Also  shown  in  Figure  12  are  the  5“ 
station  spacing  grid  points  which  an  operational  WAAS  would  have.  Note  that  much  of 
the  entire  large  gradient  in  ionospheric  range  delay  is  between  the  grid  points,  and  likely 
would  be  missed  in  determining  the  ionospheric  delays  and  their  errors.  While  this  large 
gradient  did  not  occur  over  the  CONUS  region,  it  very  well  could  have.  The  reasons  that 
this  gradient  occurred  equatorward  of  the  CONUS  are  complex,  but  likely  are  because  the 
March  1989  storm  was  so  severe  that  the  largest  effect,  normally  coming  from  solar 
particle  precipitation  into  the  auroral  region,  and  large  electric  fields  which  drive  the 
ionization  to  great  heights  in  the  ionosphere,  were  so  intense  that  the  largest  effect  was 
seen  equatorward  of  the  CONUS.  For  more  moderate  storms  the  effect  would  likely  be 
smaller,  and  would  be  expected  to  occur  further  away  from  the  equator.  This  storm  was 
one  of  a  severity  which  occurs  once  or  twice  during  each  1 1  year  solar  cycle. 

In  order  to  sort  out  the  effects  of  magnetic  storms  as  a  function  of  time  after  storm 
onset,  differences  were  taken  of  the  equivalent  ionospheric  range  delay  during  a  storm, 
minus  average  conditions.  A  plot  of  those  differences  for  the  Kennedy,  MA  station  is 
shown  in  Figure  13.  Note  that,  while  the  departures  from  average  behavior  are  greatest 
during  the  afternoon  of  the  day  of  the  storm,  smaller  differences  from  average  conditions 
still  are  evident  several  days  after  the  storm. 

2.9  Protonospheric  Depletion  and  Recovery  During  Geomagnetic  Storms 

In  the  1970’s  a  unique  ATS6  radio  beacon  experiment  was  conducted  to  measure  the 
total  electron  content,  Nj,  along  the  slant  path  from  the  satellite  to  several  ground 


16 


3/10/89  3/11  3/12  3/13 

UNIVERSAL  TIME 

FIGURE  10 


18 


DISTURBED  IONOSPHERE  (MARCH  1989,  FI  0.7==2Q7.2,  UT=20:00) 


19 


1989  KENNEDY  SEC  ALL  STORMS/ALL  SEASONS 


UNIVERSAL  TIME 


receiving  stations  and  also  the  so-called  Faraday  content,  along  the  slant  path,  typically 
up  to  an  altitude  of  -2000  km.  The  difference  between  simultaneous  measurement  of  Nt 
and  Nf  yields  the  protonospheric  contribution  to  total  electron  content,  Np.  Prior  research 
by  Kersley  and  Klobuchar,  [1980],  have  shown  that  the  measured  protonospheric 
contribution  to  TEC  and  its  variation  are  sensitive  functions  of  the  ray  path  L  shell 
geometry.  Comparing  the  average  response  of  Np  to  several  geomagnetic  storms, 
measured  for  three  different  geometry's  at  Hamilton,  MA,  Boulder,  CO  and  Aberystwyth, 
Wales,  Kersley  and  Klobuchar  have  found  that  the  greatest  absolute  depletions  from 
average  levels  occur  at  stations  for  which  the  transmission  path  intersects  the  lowest  L 
shell  and  the  recovery  time  is  -6-8  days. 

Much  effort  has  been  made  to  correct  and  analyze  data  recorded  at  another  L  shell 
ray  path,  (ATS6  to  Palehua,  HI),  during  another  phase  of  this  experiment  and  to  compare 
the  results  with  earlier  research.  Figure  14  illustrates  this  unique  ray  path.  It  is  unique  in 
the  sense  that  it  is  almost  traverse  to  the  L  shells,  unlike  in  the  previous  study  of  Kersley 
and  Klobuchar  where  the  ray  path  becomes  tangential  to  some  L  shell. 

To  study  the  protonospheric  content  measured  from  Hawaii,  nine  significant  geomagnetic 
storms  with  sufficient  quiet  periods  between  them  were  selected.  Figure  15  represents  the 
results  of  this  analysis  to  date.  This  is  a  superposed  epoch  analysis,  in  which  departures 
from  mean  behavior  in  Np  are  plotted  for  several  days  following  a  storm  period.  Day  one 
for  each  storm  was  selected  as  the  day  in  which  a  significant  change  from  mean  behavior 
was  exhibited  in  Np.  This  figure  illustrates  a  slow  recovery  period  of  approximately  6  days 
at  this  location.  This  study  is  still  in  progress  but  initial  conclusions  concur  with  earlier 
research  in  that  absolute  departures  from  mean  behavior  in  Np  are  higher  at  lower  L  shells. 


3.  GPS  OBSERVA-nONS 

3.1  Potential  Ionospheric  Limitations  to  GPS  Wide-Area  Augmentation  System 
(WAAS) 

One  of  the  potential  limitations  of  the  FAA's  GPS  Wide-Area  Augmentation  System 
(WAAS)  is  the  differential  ionospheric  range  delay  over  the  area  of  visibility  of  various 
GPS  satellites  used  in  determining  range  and  velocity  (range-rate).  With  this  in  mind,  we 
have  studied  the  correlation  distance  of  differences  in  ionospheric  time  delay,  which  is 
proportional  to  the  total  electron  content  (TEC)  of  the  ionosphere.  A  summary  of  our 
findings  can  be  found  in  the  paper  "Potential  Ionospheric  Limitations  to  GPS  Wide-Area 
Augmentation  System  (WAAS)"  by  J.A.  Klobuchar,  P.H.  Doherty,  and  M.  Bakry  El- 
ARINI.  A  copy  of  this  paper  is  appended  to  this  report  (Appendix  1.). 


3.2  Limitations  in  Determining  Absolute  Electron  Content  from  Dual-Frequency 
GPS  Group  Delay  Measurements 

The  greatest  problem  in  determining  absolute  TEC  using  GPS  is  in  the  calibration  of 
the  satellite  differential  group  delay  offsets.  This  value  is  called  Tgd,  and  can  be  over  10^^ 
tMxxr ,  or  10  TEC  units.  Several  ionospheric  research  groups  have  made  estimates  of  the 
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FIGURE  15 


Tgd  values  for  the  various  GPS  satellites.  All  studies  have  implemented  different 
methods  to  obtain  the  values  and  there  are  apparent  discrepancies  among  the  results. 
Over  the  last  year,  work  has  been  done  to  suggest  a  new  method  of  determining  GPS 
satellite  Tgd. 

All  of  the  methods  of  determining  Tgd  used  by  workers  to  date  have  implicitly 
neglected  the  effects  of  the  electrons  in  the  earth's  protonosphere  in  their  attempts  to 
determine  these  values.  They  have  all,  in  some  form  or  other,  used  an  ionospheric  "shell" 
model,  which  does  not  include  the  contribution  to  electron  content  of  the  earth's 
protonosphere  in  different  viewing  directions  during  a  t5^ical  GPS  satellite  pass. 

However,  it  is  well  known  that  the  relative  effects  of  the  electron  content  of  the  earth's 
protonosphere  can  be  up  to  50%  of  the  entire  TEC  during  the  nighttime,  and  10%  of  the 
TEC  during  the  day,  Davies,  et  al.,  1980.  Since  a  typical  GPS  satellite  observed  from  a 
station  covers  a  widely  different  portion  of  the  protonosphere  over  the  course  of  its  pass,  it 
can  be  expected  that  any  simple  "shell"  model  of  the  ionosphere  will  not  be  an  accurate 
representation  of  the  actual  behavior  of  TEC  over  the  pass. 

Figure  16  illustrates  a  cutaway  view  of  geomagnetic  L  shells  from  the  northern  mid¬ 
latitude  station  located  at  Westford,  MA.  The  L  shells  greater  than  approximately  4  are 
considered  to  be  open  field  lines,  and  consequently  do  not  contain  any  electrons.  Note 
from  Figure  16  that  satellites  viewed  from  Westford,  MA  to  the  north,  cross  only  open 
field  lines.  Thus,  a  typical  GPS  pass,  crossing  from  north  to  south  would  see  completely 
different  amounts  of  protonospheric  electron  content,  ranging  from  zero  in  the  north,  to 
relatively  large  values  when  looking  along  the  closed  magnetic  L  shells  less  than  4,  to  the 
south  of  the  station.  The  theoretical  ionospheric  model  developed  by  Bailey,  (1990),  has 
been  used  to  calculate  the  contributions  of  the  0+,  H+  and  ions  to  the  total  TEC 
observed  along  various  GPS  trajectories.  A  representative  sample  of  relative  contributions 
of  each  of  those  ion  species  is  illustrated  in  Figure  17  for  GPS  space  vehicle  24.  The  400 
km  ionospheric  intersection  locations  from  the  Westford  station  are  given  in  the  inset  in 
Figure  17.  Note  that  the  electron  content  contribution  due  to  ions  is  actually  greater 
than  that  from  O'^  near  the  end  of  the  pass.  The  contribution  to  TEC  from  the  electron 
content  of  the  protonospheric  ions  certainly  cannot  be  neglected.  Figure  17  illustrates 
that  a  simple  "shell"  model  of  the  ionosphere,  having  a  constant  mean  height,  is  not 
adequate  to  model  changes  in  TEC  during  a  GPS  satellite  pass. 

A  new  method  of  directly  measuring  Tgd  from  the  ground,  without  modeling  either 
the  protonosphere  or  the  ionosphere,  should  be  possible  by  choosing  a  location  on  the 
earth  at  a  time  when  there  is  a  very  low  TEC  in  both  the  ionosphere  and  the  protonosphere 
along  the  path  to  an  individual  GPS  satellite.  Locations  viewing  GPS  satellites  above  a 
magnetic  L  shell  of  approximately  4  should  be  high  enough  in  latitude  to  have  no 
contribution  to  TEC  from  the  earth's  protonosphere.  Magnetically  quiet  winter  nighttime 
in  the  sub-auroral  latitudes  can  be  occasions  when  the  TEC  from  the  F2  region  is  very 
small.  This  can  be  confirmed  by  nearby  ionosonde  measurements  of  very  low  values  of 
foFa.  At  those  times,  monitoring  the  relative  differential  phase  and  the  relative  differential 
group  delay  from  a  GPS  satellite  as  it  passes  over  the  sky,  should  yield  no  changes  as  a 
function  of  satellite  elevation  angle,  simply  because  there  is  little,  if  any,  TEC  to  be 
measured.  At  those  times,  providing  the  receiver  differential  delay  is  known,  the  satellite 
Tgd  can  be  determined  directly,  since  there  is  essentially  no  ionosphere.  For  instance,  an 
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Cutowoy  view  of  the  eorth  olong  the  stollon  meridion,  showing  the 
mognetic  L  shells  ond  the  stotion  devotion  ongles,  both  north  ond 
south  of  the  stotion.  Doshed  line  represents  GPS  orbilol  height. 

FIGURE  16 


Universot  Time 

Electron  contents  of  C7+,  and  H*  for  GPS  SV  Nr.  24  as  viewed  from  Westford,  MA. 

HGURE  17 
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foF2  value  of  2  MHz,  corresponding  to  an  of  4.9  x  lO^  el/cm^,  with  an  assumed  slab 
thickness  of  250  km,  yields  a  TEC  of  only  1.2  x  lO^^  el/rn^  column,  not  an  unreasonable 
value  for  quiet  winter  nighttime  conditions  in  the  ionospheric  trough  region. 


3.2  Statistics  of  Time  Rate  of  Change  of  Ionospheric  Electron  Content 

The  time  rate  of  change  of  ionospheric  range  delay  is  a  potential  limitation  to  the 
Wide  Area  Augmentation  System  (WAAS)  in  precise  positioning  using  radio  waves  from 
Global  Positioning  System(GPS)  satellites  in  the  single  frequency  c/a  mode.  To  assess  this 
limitation  we  have  studied  the  statistics  of  ionospheric  range-rate  changes.  A  summary  of 
our  findings  is  given  in  the  paper  "Statistics  of  Time  Rate  of  Change  of  Ionospheric  Range 
Delay"  by  P.H.  Doherty,  J.A.  Klobuchar,  and  M.B.  El-Arini.  A  copy  of  this  paper  is 
appended  to  this  report  (Appendix  1.). 


3.3  Ionospheric  Corrections  to  Precise  Time  Transfer  Using  GPS 

The  ionosphere  can  be  the  largest  source  of  error  in  GPS  positioning  and  navigation. 
Radio  waves  propagating  through  the  ionosphere  suffer  an  additional  time  delay  as  a  result 
of  their  encounter  with  the  free  electrons  in  the  ionosphere.  TEC  is  a  function  of  many 
variables,  including  geographic  location,  local  time,  solar  ultraviolet  radiation,  season  and 
magnetic  activity.  Accurate  information  on  the  behavior  of  TEC  is  important  to  satellite 
navigation  and  time  transfer  systems  that  correct  for  the  time  delay  effects  of  the  earth's 
ionosphere. 

The  GPS  dual  frequency  system  provides  the  opportunity  to  measure  absolute  TEC 
with  a  high  degree  of  accuracy.  Absolute  TEC  values  are  obtained  by  measuring  the 
differential  group  delay  of  the  10.23  MHz  modulation  on  the  dual  frequency  signals. 
Relative  TEC  values  are  obtained  by  monitoring  the  differential  phase  of  the  two  GPS 
carriers.  By  combining  both  the  relative  accuracy  of  the  differential  carrier  phase  with  the 
absolute  TEC  obtained  from  the  differential  group  delay,  excellent  absolute  TEC 
iheasurements  can  be  made.  An  example  of  this  technique  is  illustrated  in  Figure  18.  The 
group  delay  measurement  for  one  complete  satellite  pass  is  plotted  in  Figure  18a.  Note 
that  this  is  an  absolute  measurement  of  time  delay,  however,  it  includes  the  effects  of 
multipath  and  receiver  noise.  Figure  18b,  represents  the  relative,  but  highly  accurate, 
phase  measurement  for  the  same  satellite  pass.  Figure  18c  illustrates  the  results  of  fitting 
the  relative  phase  measurement  to  the  absolute,  but  noisy,  group  delay  measurement  to 
obtain  a  highly  accurate  measure  of  absolute  ionospheric  time  delay. 

We  have  completed  a  study  on  the  variability  of  TEC  using  this  technique.  The  data 
was  recorded  at  Hanscom  AFB,  Ma  using  the  four  channel  ICS-4Z  Mini  Rogue  GPS  dual 
frequency  receiver.  This  receiver  has  a  high  performance  design  that  is  capable  of  tracking 
four  satellites  simultaneously  using  the  P-codes  on  both  frequencies,  LI  and  L2,  in 
addition  to  the  C/A  code  on  the  LI  frequency. 

The  GPS  data  used  in  this  study  was  recorded  from  May  1992  through  April  1993. 
Figure  19  illustrates  the  satellite  paths  of  the  various  GPS  satellites  over  Hanscom  for  one 
day  during  this  period.  Elevation  angles  of  0  through  60  degrees  are  represented  by  the 
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GPS  Satellite  paths  over  Hanscom  APB.  MA 
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FIGURE  19 


concentric  rings  centered  around  the  station.  Satellite  signals  received  from  widely  spaced 
azimuth  and  elevation  angles  pass  through  greatly  different  regions  of  the  ionosphere. 
Therefore,  simultaneous  measurements  of  ionospheric  time  delay  (or  TEC)  along  different 
lines  of  sight  generally  are  not  the  same. 

Figure  20  displays  the  observations  recorded  on  February  24,  1993.  The  slant 
absolute  delay  measurements  have  been  converted  to  equivalent  vertical  time  delay  in  ns  at 
LI.  That  is  the  measurement  at  the  geographic  position  directly  below  the  point  where  the 
satellite  intersects  the  centroid  of  the  electron  density  distribution  with  height,  typically  at 
400km.  In  order  to  display  the  diurnal  variation  of  ionospheric  time  delay,  the  data  is 
plotted  versus  the  local  time  at  this  sub-ionospheric  intersection  point.  At  any  local  site, 
the  ionization  generally  peaks  in  the  mid-aftemoon  hours,  and  drops  rapidly  at  night.  The 
differences  between  measurements  made  at  the  same  local  time  are  attributed  to  the 
ionospheric  gradients  encountered  by  satellite  paths  intersecting  the  ionosphere  at  different 
latitudes. 

Ionospheric  time  delay  is  highly  variable  by  season.  Figure  21  illustrates  the 
statistics  of  ionospheric  time  delay  for  three  seasons  during  the  daytime  hours  of  1 100- 
1700  local  time.  The  daytime  TEC  values  were  computed  and  grouped  by  season,  sununer 
(May  through  August),  winter  (November  through  February),  and  the  combined  equinoxes 
of  March,  April,  September  and  October.  The  ionospheric  time  delay  measurements  are 
plotted  against  their  cumulative  probability  so  that  the  percentage  of  occurrence  above  and 
below  certain  probability  levels  can  be  observed.  A  straight  line  on  this  type  of  statistical 
plot  indicates  a  normal  distribution.  The  slope  of  the  line  is  a  measure  of  the  standard 
deviation,  and  departures  from  a  straight  line  are  simply  deviations  from  a  normal 
distribution.  This  Figure  indicates  that  the  median  daytime  values  of  ionospheric  time 
delay  are  highest  in  winter,  followed  closely  by  the  equinox  period.  The  summer  values 
are  the  lowest.  The  winter  season  exhibits  a  significant  departure  from  a  normal  curve 
above  the  99%  probability  point.  Departures  like  these  are  often  due  to  the  effects  of 
magnetic  storm  activity. 

Figure  22  illustrates  the  statistics  of  ionospheric  time  delay  during  the  nighttime 
hours  of  2300-0500  local  time.  Here,  it  is  evident  that  the  summer  nighttime  values  are 
higher  than  those  of  the  other  two  season.  Winter  and  equinox  have  a  more  nearly  normal 
distribution  than  summer.  Summer  begins  to  depart  significantly  from  a  normal 
distribution  above  the  95%  probability  level.  The  negative  numbers  below  the  1% 
probability  point  are  likely  due  to  incorrect  satellite  biases. 

Ionosphere  time  delay  is  primarily  a  function  of  solar  ultraviolet  radiation.  A 
reasonable  surrogate  measure  of  the  amount  of  ultra-violet  radiation  produced  by  the  sun 
which  is  responsible  for  ionizing  the  earth's  atmosphere,  and  producing  the  ionosphere,  is 
the  number  of  sunspots  visible  on  the  solar  surface.  Figure  23  illustrates  the  last  two  solar 
cycles  with  the  period  indicated  during  which  the  GPS  measurements  were  made.  This 
period  was  in  the  declining  phase  of  the  current  solar  cycle,  therefore,  the  ionospheric  time 
delay  values  measured  are  approximately  half  the  magnitude  expected  at  the  peak  of  the 
solar  cycle. 

The  data  set  used  in  this  ionospheric  variability  study  is  the  first  continuous,  well 
calibrated,  dual  frequency  GPS  ionospheric  data  set  large  enough  for  statistical  research. 
The  TEC  parameter,  however,  has  been  studied  for  over  twenty  years  using  measurements 
of  the  Faraday  rotation  of  linearly  polarized  radio  waves  transmitted  from  geostationary 
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CUMULATIVE  PROBABILITY 

FIGURE  21 


1992-1993  HANSCOM  AFB,  MA 
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CUMULATIVE  PROBABILITY 

FIGURE  22 


CYCLES  2 


satellites.  For  comparison  with  the  GPS  TEC  study,  Figure  24,  is  included  to  represent  the 
daytime  probability  of  equivalent  vertical  ionospheric  time  delays  at  the  GPS  LI 
frequency,  as  determined  from  the  Hamilton,  MA  1981  Faraday  rotation  data.  A 
comparison  of  these  1981  results  and  the  recent  GPS  daytime  statistics  (Figure  19) 
illustrates  agreement  in  seasonal  behavior  with  summer  producing  the  smallest  daytime 
values  and  equinox  exhibiting  the  greatest  day-to-day  variability.  It  also  illustrates  the 
ionospheric  time  delay  dependence  on  solar  activity,  with  the  1981  data  producing  median 
values  that  are  nearly  two  times  those  encountered  during  the  1992-1993  period. 


3.4  Static  Ionospheric  Test  for  the  WADGPS  Experiment 

We  have  supported  the  FAA’s  Phase  1  Wide  Area  Differential  GPS  (WADGPS) 
Satellite  Navigation  Testbed  Experiment  by  operating  a  GPS  receiver  at  Hanscom  AFB, 
analyzing  the  measured  data,  and  providing  the  results  to  the  Mitre  Corporation. 

Support  also  consisted  of  delivering  a  revised  version  of  the  data  analysis  program  to 
the  FAA.  The  new  version  of  the  processing  software  improved  data  error  detection  and 
run  time.  This  program  is  used  by  our  site  and  three  other  sites  operated  by  the  FAA  in 
their  WADGPS  experiment. 

Our  first  study  of  this  WADGPS  data  has  consisted  of  analysis  of  a  year's  worth  of 
data  with  the  purpose  of  assessing  some  of  the  current  limitations  to  Wide  Area 
Differential  GPS.  This  data  was  collected  from  May  1992  through  April  1993  at  the 
following  locations: 


Oldtown,  ME 
Hanscom  AFB,  MA 
Atlantic  City,  NJ 
Dayton  Airport,  OH 
Georgetown,  SC 


(44.95  North,  68.67  West) 
(42.45  North,  71.27  West) 
(39.45  North,  74.57  West) 
(39.90  North,  84.22  West) 
(33.31  North,  79.32  West) 


One  of  the  major  issues  in  WADGPS  is  to  determine  the  number  and  placement  of 
ionospheric  monitoring  stations  in  the  Continental  United  States  (CONUS)  required  to 
represent  the  ionospheric  range  error  between  stations  to  within  a  specific  value.  One  of 
the  potential  limitations  in  WADGPS,  is  the  unknown  spatial  variability  of  ionospheric 
range  errors  between  locations  where  dual  frequency  GPS  measurements  are  being  made. 

The  important  parameter  in  this  study  is  the  difference  in  range  error  as  a  function  of 
distance.  Thus,  differences  in  the  received  absolute  range  error  viewing  the  same  GPS 
satellites  from  two  different  locations  were  computed.  Pairs  of  points  using  common  GPS 
satellites  were  used  in  order  to  keep  the  approximate  same  distance  between  the 
ionospheric  intersection  as  the  station  spacing,  since  the  viewing  angles  to  the  satellites  are 
nearly  parallel  for  stations  spaced  within  the  region  of  our  experimental  work. 

Figure  25  illustrates  some  of  the  results  of  this  study.  It  shows  the  statistical 
behavior  of  the  differences  in  range  error,  in  meters,  for  the  Hanscom  AFB,  Atlantic  City 
Airport  station  pair.  Differences  in  range  error  are  plotted  separately  for  each  of  three 
seasons,  summer  (May  through  August),  winter  (November  through  February),  and  the 
combined  equinoxes  (March,  April,  September  and  October).  The  data  was  further 
separated  into  daytime,  1 1-17  hours  local  time,  and  nighttime,  23-05  hours  local  time. 
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These  differences  are  plotted  against  their  cumulative  probability  so  that  the  percentage 
occurrence  below  and  above  certain  probability  values  can  easily  be  seen.  Figure  25 
shows  that  the  ionospheric  range  error  differences  at  the  1%  cumulative  probability  point 
are  approximately  -2  meters,  the  median  difference  is  -1  meter  and  the  difference  at  the 
99.9%  cumulative  probability  point  is  about  1  meter.  Therefore,  the  absolute  difference  in 
range  error  for  this  data  set  was  virtually  always  less  than  2  meters.  The  distance  between 
Hanscom  AFB  and  Atlantic  City  Airport  is  approximately  434  km. 

Figure  26  illustrates  the  results  using  the  Dayton,  Ohio  and  Hanscom  AFB  station 
pair.  It  shows  that  the  absolute  difference  in  range  error  measured  at  these  two  stations  is 
higher  than  2  meters  at  the  25%  cumulative  probability  point  for  two  seasons  and  exceeds 
6  meters  at  the  1%  point.  The  median  point,  however,  is  still  less  than  2  meters.  The 
higher  numbers  are  a  results  of  the  greater  distance  between  this  station  pair.  The  distance 
between  Dayton  and  Hanscom  AFB  is  1,120  km. 

Similar  figures  are  currently  in  process  for  all  the  station  pairs  listed  above. 

Unfortunately,  the  portion  of  the  solar  cycle  during  which  our  measurements  were 
taken,  was  not  a  period  of  maximum  solar  activity,  but  was  approximately  1/2  way  down 
the  descending  phase  of  the  current  cycle  of  high  activity.  For  a  period  of  very  high  solar 
activity  the  range  errors,  and  the  corresponding  differences  in  range  errors  between  pairs  of 
stations,  will  be  a  factor  of  2  higher  than  those  actually  observed  and  reported  in  this 
report. 

The  largest  values  of  absolute  ionospheric  range  error,  and  the  largest  temporal  and 
spatial  gradients,  generally  occur  during  magnetic  storms,  especially  during  major 
magnetic  storms.  During  the  period  of  measurement  here,  from  May  1992  through  April 
1993,  there  were  a  number  of  magnetic  storms.  None,  however  were  considered  to  be 
major  magnetic  storms.  During  storms,  the  largest  absolute  differences  in  range  error 
generally  only  occur  during  the  late  afternoon  hours  of  the  1st  day  of  the  storm.  If  only  a 
few  major  storms  occur  each  year,  and  if  the  largest  gradients  occur  only  for  a  few  hours 
during  the  storm,  that  cumulative  length  of  time  is  less  than  one  percent  of  the  entire  year. 
Thus,  the  ionospheric  range  error  statistics  will  not  be  seriously  affected  except  below  the 
1%  and  above  the  99%  levels.  Little  evidence  of  major  storm  effects  was  found  at  any 
probability  point  during  our  one  year  of  GPS  range  error  measurements.  This  is  a  hopeful 
sign.  Figure  27a  illustrates  the  cumulative  probability  of  TEC  for  local  daytime  hours  for 
the  entire  month  of  April  at  Atlantic  City.  Figure  27b  is  the  same  data  with  the  exception 
of  the  two  storm  days.  A  comparison  of  these  two  figures  reveal  deviations  from  normal 
behavior  beginning  at  about  the  90th  percentile,  with  a  maximum  of  approximately  9 
meters  at  the  99th  percentile. 

An  example  of  disturbances  caused  by  storm  activity  is  illustrated  in  Figure  28. 
Figure  28a  illustrates  range  error  measurements  recorded  at  Hamilton,  MA  during  solar 
maximum  using  the  Faraday  technique.  The  large  departure  from  a  "normal"  distribution 
above  the  99%  probability  point  is  the  result  of  a  severe  storm  that  occurred  on  October 
18, 1981.  Figure  28b  illustrates  the  same  data  with  the  October  18th  storm  period 
removed.  Thus,  restoring  the  normal  distribution. 

Our  initial  results  from  the  1st  year  of  measurements  of  ionospheric  range  error  in 
the  eastern  CONUS  region  have  shown  that  differential  range  errors  are  less  than  2  meters 
for  station  spacings  of  approximately  430  km  for  at  least  99%  of  the  time.  Thus,  stations  to 
be  used  in  an  operational  WADGPS  should  be  located  no  greater  than  430  km  apart. 


37 


HAFB  -  DAYTON  1100-1700  LT  (0-90  degrees) 


(sy3i3N)  aoay3  39Nvy  3ia3HdS0N0i 


38 


CUMULATIVE  PROBABILITY 

FIGURE  26 
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This  type  of  study  is  useful  because  inforaiation  on  the  ionospheric  response  to 
magnetic  activity  will  aid  the  FAA  in  determining  operating  procedures  during  these 
disturbances. 

3.5  Ionospheric  Measurements  Using  GPS 

Global  Positioning  System  (GPS)  satellites  provide  a  unique  opportunity  for 
ionospheric  research.  The  GPS  dual  frequency  measurements  of  carrier  phase  and  group 
delay  at  both  the  LI  and  L2  GPS  frequencies  make  it  possible  to  measure  ionospheric 
Total  Electron  Content  (TEC)  and  ionospheric  disturbances. 

The  International  GPS  Service  for  Geodynamics  (IGS)  is  a  network  of  GPS  tracking 
stations  located  worldwide.  IGS  was  established  by  the  International  Association  of 
Geodesy  (lAG)  to  support  geodetic  and  geophysical  research  activities  that  utilize  the  GPS 
technique.  Presently,  there  are  approximately  50  data  stations  that  collect  and  archive 
daily  observations.  Figure  29  summarizes  the  geographic  locations  of  current  stations  in 
the  IGS  network.  The  general  management  of  the  IGS  network  is  directed  by  the  Central 
Bureau  located  at  the  Telecommunications  Science  and  Engineering  Division  of  the  Jet 
Propulsion  Laboratoiy  in  Pasadena,  CA.  Most  stations  in  the  IGS  network  are  equipped 
with  GPS  Rogue  or  Turbo  Rogue  dual  frequency  receivers  that  record  both  differential 
group  delay  and  differential  carrier  phase  for  up  to  8  satellites  simultaneously.  To  provide 
data  compatibility,  all  stations  store  phase  and  pseudorange  observations  in  daily  Receiver 
Independent  Exchange  Format  (RINEX).  Data  sets  are  available  from  several  networks 
including  the  Central  Bureau  via  Internet.  Also  available  from  the  Central  Bureau  are 
RINEX  format  descriptions,  navigation  message  files,  current  satellite  and  station 
information  and  software  for  data  compression  and  decompression. 

The  potential  use  of  the  data  base  in  ionospheric  research  is  extensive  and  has  been 
described  by  Wanniger,  (1993).  The  data  base  has  also  been  utilized  by  Wilson,  et.  ah, 
(1992),  to  generate  global  ionospheric  maps.  In  addition,  Wilson  andMannucci,  (1993), 
used  the  IGS  data  base  to  estimate  instrumental  biases  in  the  GPS  receivers  at  the  various 
sites,  as  well  as  in  the  individual  GPS  satellite  transmitters.  Doherty,  et.  al,  (1994), 
determined  statistics  of  the  time  rate  of  change  in  ionospheric  range  delay  using  six 
months  of  data  from  a  wide  range  of  IGS  stations  in  the  North  American  continent.  These 
references  are  only  a  sample  of  the  vast  potential  that  the  IGS  network  provides  for 
ionospheric  research. 

This  documentation  provides  information  regarding  the  acquisition  of  data  from  the 
IGS  network  and  the  calculation  of  TEC  using  RINEX  formatted  data.  It  also  describes 
software  developed  at  the  Air  Force  Phillips  Laboratory  to  process  the  data.  Any  questions 
regarding  this  package  should  be  addressed  to: 

Patricia  Doherty 

Institute  for  Space  Research 

Boston  College 

Newton,  MA  02159 

Internet  address:  doherty@plh.af.mil 

Telephone:  617-377-4283 
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TEC  Calculations  Using  RINEX  Data 


RINEX  data  contains  a  well  defined  set  of  observables  including  dual  frequency 
carrier  phase,  pseudorange  (code)  and  observation  time.  The  ionospheric  range  error  or 
Total  Electron  Content  can  be  determined  from  dual  frequency  pseudorange  or  carrier 
phase  measurements.  Figure  30  illustrates  both  of  these  measurements  for  a  typical 
satellite  pass  recorded  at  Westford,  MA. 

The  pseudorange  or  group  delay  measurement,  shown  in  the  top  panel  of  Figure  30, 
represents  an  absolute  measure  of  the  ionospheric  range  error  in  meters.  These 
measurements  were  recorded  under  anti-spoofing  conditions  and  therefore  exhibit 
excessive  variations  in  receiver  noise.  This  increased  receiver  noise  is  due  to  the  low 
signal  to  noise  ratio  that  results  when  a  receiver  is  operated  in  a  codeless  mode  of  tracking. 
This  noise  is  more  evident  at  low  elevation  angles,  as  can  easily  be  seen  near  both  ends  of 
the  pass.  This  measurement  is  also  susceptible  to  noise  induced  by  multipath.  Multipath 
is  strongly  dependent  on  the  local  environment  and  is  also  more  evident  at  low  elevation 
angles.  To  calculate  differential  delay  (ns)  from  the  dual  frequency  (or  P-code)  data: 

1)  convert  P  code  in  meters  to  ns: 

pl(ns)  =  pl(m)/.3 
p2(ns)  =  p2(m)/.3 

2)  calculate  differential  code  delay(ns): 

diff.  code  delay(ns)  =  (p2(ns)  -  pl(ns)  -  HWCAL(ns)) 
where  HWCAL(ns)  =  hardware  calibration  in  ns 

The  differential  carrier  phase  measurement,  shown  in  the  middle  panel  of  Figure  30, 
provides  a  much  more  precise  measure  of  the  ionospheric  error,  but  only  on  a  relative 
scale.  This  measurement  is  not  as  noisy  as  the  group  delay  and  is  not  susceptible  to 
multipath.  It  is  measured  in  whole  cycles  at  both  LI  and  L2.  To  calculate  differential 
delay  (ns)  from  carrier  phase: 

1)  convert  cycles  of  LI  and  L2  to  ns: 

Ll(ns)  =  Ll(cycles)/1.57542 
L2(ns)  =  L2(cycles)/1 .22760 

2)  calculate  differential  phase  delay: 

diff.  phase  delay  (ns)  =  LI  (ns)  -  L2(ns) 

The  user  can  then  convert  differential  delay  to  other  parameters  with  the  following 
conversion  factors  provided  by  Klobuchar,  (private  communication,  1994): 

1  nanosecond  of  differential  delay: 

=  2.852  X  10l6  el/m2  (TEC) 

=  1.546  nanoseconds  of  delay  at  LI 
=  0.464  meters  of  range  error  at  LI 
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In  processing  the  data,  the  accurate  phase  measurement  is  fit  to  the  noisy 
pseudorange  measurement  to  obtain  an  absolute  and  precise  measurement  of  TEC.  This  fit 
is  determined  with  data  collected  during  the  middle  of  the  pass  to  avoid  the  noisy  data  at 
low  elevation  angles  and  multipath  interference.  Then  the  pseudorange  measurements  are 
discarded  and  we  are  left  with  the  differential  carrier  phase  data  fit  to  the  absolute  scale 
provided  by  the  pseudorange.  The  bottom  panel  of  Figure  30  illustrates  this  process  by 
showing  the  phase  measurements  fit  to  the  group  delay  measurements.  The  approximate 
elevation  and  azimuth  of  the  satellite  is  printed  below  the  data  in  the  bottom  panel. 

The  IGS  network  also  provides  Navigation  Message  Files  in  RINEX  format.  These 
files  contain  a  subset  of  clock  and  ephemeris  data  for  each  of  the  transmitting  GPS 
satellites.  The  parameters  included  in  this  file  are  for  the  beginning  of  the  GPS  week  with 
the  exception  of  the  Mean  Anomaly  which  is  referenced  at  the  time  of  ephemeris.  In 
processing  the  data,  a  navigation  message  file  is  required  to  determine  elevation  and 
azimuth  positions  as  viewed  by  the  recording  station. 

Accessing  the  Data 

Access  to  the  RINEX  data  files  is  through  the  IGS  data  center  at  JPL.  Data  is  stored 
in  JPL's  guest  computer  "BODHI"  in  the  sub-directory:  /pub/rinex.  Approximately  180 
days  of  data  are  stored  on  line.  Data  is  stored  in  directories  indexed  by  the  Julian  day  of 
the  year.  An  underscore after  the  day  number  indicates  that  data  is  available  for  that 
day.  Each  directory  contains  data  and  navigation  message  files  for  each  station  in 
operation  for  a  single  day. 

Files  can  be  accessed  via  anonymous  ftp  through  internet  (address:  128.149.70.66). 

A  sample  transfer  session  is  described  below.  In  this  description,  the  user  commands  are 
in  italics  and  comments  regarding  the  user  commands  are  in  parentheses. 

SUN  [IlOY.ftp  128.149.70.66  (open  ftp  session  with  BODHI) 

Connected  to  128.149.70.66 

220  bodhi  FTP  server  (Version  1.7.109.2  Tue  Jul  28  23:32:34  GMT  1992)  ready. 

Name( 128. 149.70.66:doherty):  anonymous  (login  is  anonymous) 

33 1  Guest  Login  ok,  send  ident  as  password. 

Vd&swox&.user@location  (password  is  your  internet  address) 

ftp>  cd  pub/rinex  (change  directory) 

ftp>  binary  (for  binary  transfer  of  data) 

ftp>  cd  244_  (change  directory  to  data  stored  for  day  244) 

(the  underscore  _  indicates  that  data  is 

available) 

ftp>  get  94sep01  west _ rO.  mx_z  (get  data  recorded  at  Westford  on  09/01/94) 

(multiple  files  can  be  accessed  with  a  macro) 

150  Opening  BINARY  mode  for  data  connection  for  94sep01west _ ^r0.mx_z 

(612441  bytes). 

226  Transfer  complete. 
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local:  94sep01west _ ^r0.mx_z  remote:94sep01west _ r0.mx_z 

612411  bytes  received  in  42  seconds  (14  Kbytes/s) 

ftp>  bye  (end  transfer  session) 

The  IGS  Central  Bureau  at  JPL  also  provides  information  about  the  network 
through  anonymous  ftp  at  128.149.70.41.  In  the  directory  "igscb",  files  can  be  found  that 
oudine  data  format  and  availability,  station  information,  software  and  other  general 
information. 

Software  to  Process  RINEX  Data 

Software  has  been  developed  at  the  Air  Force  Phillips  Laboratory  to  process  the 
RINEX  data  provided  by  the  IGS  network.  The  software  was  developed  by  Boston 
College  under  Air  Force  Contract  F19628-93-K-0001.  The  main  programs  developed  for 
processing  the  data  are  listed  below: 

RINEX.F  -  fortran  program  that  performs  all  the  calculations  and  generates  three 
output  files  for  further  processing 

PLTRNX.PRO  -  DDL  plot  routine  to  plot  the  results  generated  in  RINEX.F 

SLIP.PRO  -  DDL  plot  routine  to  plot  out  and  correct  potential  cycle  slips  in  phase 
that  were  not  automatically  corrected  in  RJNEX.F 

The  fortran  program  is  written  in  standard  fortran  and  should  be  portable  to  any  other 
system.  The  plot  programs  are  written  for  a  UNIX  based  system  using  the  Interactive  Data 
Language  analysis  software.  If  the  IDL  package  is  not  available,  similar  graphics  software 
can  be  developed  to  display  the  results  generated  by  RINEX.F. 

RINEX.F  is  the  front  end  of  the  process.  It  requires  an  input  file  named 
"rinex.info"  containing  directives  for  processing  the  data.  It  must  include  the  following 
information: 


line  1:  rinex  data  filename  (uncompressed  ".mx"  file) 

line  2:  navigation  message  filename  (uncompressed  ".eph"  file)* 

line  3;  month,  day,  year  -  (for  the  linex  data  in  2  digit  format) 

line  4:  station  name  -  (where  rinex  data  was  collected) 

line  5:  Julian  day  -  (day  of  the  year  corresponding  to  month,  day,  yr) 

line  6:  Hardware  calibration(ns)  -  (receiver  hardware  calibration ) 

*When  accessing  the  network,  the  user  will  find  a  navigation  message  file  for 
each  station  data  file.  In  the  processing  described  here,  it  is  not  necessary  to 
provide  a  different  ephemeris  file  for  each  station  data  file.  The  RINEX.F 
program  converts  the  ".eph"  file  to  a  standard  almanac  set  that  can  be  used  for  any 
station  location.  In  fact,  the  RINEX.F  program  can  predict  accurate  satellite 
positions  using  a  ".eph"  file  that  is  up  to  three  weeks  old. 

After  reading  the  input  file  "rinex.info",  RINEX.F  will  perform  the  following: 
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a)  read  in  the  rinex  data  (.mx  file) 

b)  calculate  the  geographic  location  of  the  station 

c)  convert  the  phase  and  pseudorange  data  to  TEC  units,  where  1  TEC 
unit  =  1*10  l^el/m2. 

d)  calculate  elevation  and  azimuth  angles  for  each  data  sample  (using 
the  .eph  file) 

e)  search  for  time  gaps  that  may  be  related  to  receiver  drop  outs 

f)  search  and  correct  apparent  cycle  slips  in  phase  for  individual 
satellite  passes 

g)  determine  absolute  TEC  by  fitting  the  smooth,  relative  phase  data 
to  the  noisy,  absolute  pseudorange  data  using  an  arithmetic  mean  fit 

h)  generate  3  output  files  for  further  processing: 

data. file  -  contains  the  final  output  including  phase, 
pseudorange, 

absolute  fitted  TEC,  elevation,  azimuth  and  time  at  1  minute 

intervals 

error.file  -  contains  information  on  errors  found  in  the  data 
including  gaps  in  time  (potential  drop  outs)  and  cycle  slips 

slip.file  -  contains  satellite  passes  that  may  contain  cycle  slips 
that  were  not  corrected  in  RINEX.F. 

2)  PLTRNX.PRO  is  a  plot  routine  written  in  IDL  (Interactive  Data 
Language).  It  simply  reads  the  output  file  "data.file"  created  in  RINEX.F  and  plots 
the  results.  Figure  3 1  illustrates  some  of  these  results  for  data  recorded  on 
10/08/94  at  Westford,  MA.  Each  panel  exhibits  the  carrier  phase  data  fit  to  the 
absolute  scale  provided  by  the  pseudorange  measurement  for  separate  satellite 
passes. 

3)  SLIP.PRO  is  a  plot  routine  written  in  BDL.  It  reads  and  plots  the 

"slip.file"  data  file  created  in  RINEX.F.  Slip.file  contains  problem  data 
passes.  In  general,  RINEX.F  automatically  detects  and  corrects  for  cycle  slips. 
Passes  that  are  written  to  "slip.file"  are  those  that  RINEX.F  was  not  able  to  correct. 
SLIP.PRO  is  menu  driven  allowing  options  to  zoom  into  problem  areas,  to  correct 
apparent  cycle  slips  or  to  accept  or  reject  the  data  file.  Figure  32  illustrates  a 
simple  session  with  SLIP.PRO.  The  top  panel  is  the  standard  plot  with  the  fitted 
phase  data  plotted  over  the  pseudorange  data.  The  middle  panel  shows  the  phase 
data  alone  with  a  pointer  indicating  an  apparent  cycle  slip  at  14.50  hours  UT.  The 
bottom  panel  illustrates  the  resulting  phase  curve  after  the  cycle  slip  was  corrected 
by  SLIP.PRO.  SLIP.PRO  generates  an  output  file  containing  corrected  satellite 
passes.  This  file  must  be  concatenated  with  the  "data.file"  provided  by  RINEX.F. 

Summary 

The  programs  and  techniques  included  in  this  package  together  with  the  data  set 
made  available  by  the  International  GPS  Service  for  Geodynamics  provides  and  excellent 
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opportunity  for  ionospheric  research.  Additional  software  can  be  developed  by  the 
individual  user  to  further  analyze  the  data  for  many  different  applications. 

The  following  list  summarizes  the  steps  to  obtain  and  analyze  data  from  the  IGS 
network  using  these  techniques; 

1)  login  to  the  central  network  at  JPL 

2)  access  data  files  and  navigation  message  files  in  binary  mode 

3)  decompress  data  and  navigation  message  files  on  your  computer 

4)  create  the  input  file  named  "rinex.info"  required  by  RINEX.F 

5)  run  the  RINEX.F  program 

6)  run  SLIP.PRO  to  look  at  and  correct  problem  passes  in  "slip.dat" 

7)  concatenate  the  corrected  passes  from  SLIP.PRO  to  "data  file"  from 

RINEX.F 

8)  optionally  plot  the  "data.file"  with  PLTRNX.PRO 

9)  develop  additional  software  to  study  the  results. 

3.6  Solar  Cycle  Dependence  of  Total  Electron  Content 

The  ionosphere  is  the  most  substantial  source  of  error  in  GPS  positioning  and 
navigation.  While  the  dual  frequency  GPS  user  can  correct  for  this  error  using  the  signals 
of  both  GPS  frequencies,  the  single  frequency  user  has  to  use  the  Ionospheric  Correction 
Algorithm  (ICA)  that  was  developed  to  correct  for  approximately  50%  rms  of  the  error. 
The  ICA  was  developed  in  1975  using  the  Bent  Model  (Llewellyn  and  Bent,  1973),  a  state 
of  the  art  empirical  ionospheric  model  that  was  based  on  data  recorded  during  an  average 
solar  cycle.  Solar  cycle  maximum  values  since  that  period  has  been  much  higher.  As  a 
result,  the  ICA  does  not  adequately  represent  periods  of  extremely  high  solar  maximum 
activity. 

There  have  also  been  several  papers  in  the  literature  which  claim  that  there  is  a 
“saturation  effect”  in  Total  Electron  Content,  (TEC),  which  is  directly  proportional  to 
ionospheric  range  delay.  Another  high  solar  cycle  maximum  has  been  predicted  to  occur 
approximately  in  the  year  2000,  and  the  existing  ionospheric  first  principle  models  do  not 
satisfactorily  account  for  the  very  high  values  of  solar  flux  expected  to  occur  at  that  time. 
In  any  case,  if  this  saturation  effect  is  frue  for  high  values  of  solar  flux,  we  must  determine 
how  it  changes  with  long  term  solar  activity. 

Given  the  need  to  examine  the  relationship  between  GPS  TEC  and  solar  activity, 
efforts  have  been  made  to  collect  and  analyze  past  GPS  data  from  the  International  GPS 
Service  for  Geodynamics.  This  service,  managed  by  the  Jet  Propulsion  Laboratory  in 
Pasadena,  CA,  collects  and  archives  dual-frequency  GPS  data  from  over  60  stations 
located  worldwide.  Our  hope  was  to  collect  several  years  worth  of  GPS  data  in  order  to 
check  the  long-term  dependence  of  ionospheric  range  delay  against  solar  flux  values.  Data 
recorded  at  Kokee,  HI,  Goldstone,  CA,  Westford,  MA  and  Tromso,  Norway  have  been 
collected  and  analyzed  up  to  the  end  of  Febmary  1996.  We  are  still  waiting  for  software 
from  JPL  to  convert  the  earliest  (1990  -  1991)  data  sets  from  raw  data  to  the  standard 
Receiver  Independent  Exchange,  (RINEX),  data  format, 

When  this  data  base  has  been  completed,  we  will  use  it  to  describe  a  relationship 
between  GPS  TEC  and  solar  activity.  However,  such  a  database  will  only  span  part  of  one 
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solar  cycle  and  as  such  would  mostly  likely  be  inadequate  for  determining  the  complete 
solar  cycle  dependence  of  the  TEC.  Our  solution  to  this  problem  has  been  to  turn  to  a 
different  type  of  ionospheric  data  (ionosonde  measurements)  that  offers  coverage  over 
nearly  four  complete  solar  cycles,  but  is  still  closely  related  to  TEC.  In  particular,  we  have 
obtained  a  database  containing  routine  and  almost  continuous  measurements  of 
ionospheric  foF2  from  125  ground  based  ionosonde  stations.  The  foF2  parameter  is  a 
frequency  measurement  that  directly  gives  the  electron  density  at  the  peak  of  the  F2  region 
of  the  ionosphere.  Since  much  of  the  TEC  comes  from  around  the  peak  of  the  F2  region, 
we  have  utilized  the  database  to  infer  possible  saturation  effects  in  TEC  versus  solar 
activity  at  several  locations.  By  correlating  foF2  measurements  recorded  at  several  widely 
spaced  geographic  locations  with  various  proxies  of  the  10.7  cm  solar  flux  over  four  solar 
cycles,  we  will  be  able  to  observe  if  a  functional  relationship  between  ionospheric 
behavior  and  solar  activity  exists.  We  feel  that  this  foF2  data  base  together  with 
measurements  of  10.7  cm  solar  flux  (F10.7)  will  best  describe  the  functional  dependence  of 
ionospheric  behavior  on  solar  activity,  including  extreme  levels  of  solar  flux.  During  this 
quarter,  we  have  processed  foF2  data  from  the  following  stations  and  time  periods: 


Station 

Latitude 

Longitude 

Time  Period 

Ottawa,  Canada 

45.1° N 

76.2°  W 

1956-1991 

Boulder,  CO 

40.1°N 

105.3°  W 

1958-1992 

Slough,  UK 

51.5°N 

.6°W 

1957-1990 

Wallops  Island,  VA 

37.9°  N 

75.5°  W 

1968-1987 

White  Sands,  NM 

32.3°  N 

106.5°  W 

1957-1972 

Huancayo,  Peru 

12.0°  S 

75.3°  W 

1957-1989 

Concepcion,  Chile 

36.6°  S 

73.0°  W 

1957-1979 

Bogota,  Columbia 

4.5°  N 

74.2°  W 

1957-1965 

Figure  33  iUustrates  a  sample  of  the  results  at  Slough,  UK  during  solar  cycle  19.  The  top 
three  graphs  depict  measurements  of  peak  density  (NmF2)  versus  daily  values  of  10.7  cm 
solar  flux.  The  bottom  three  graphs  show  the  same  peak  density  values  versus  a  27  day 
running  average  of  10.7  cm  solar  flux.  Note  that  the  data  has  been  limited  to 
geomagnetically  quiet  days  to  offset  storm  variations  and  has  been  separated  into  three 
seasons  to  account  for  the  well  documented  ionospheric  seasonal  variability.  The  top  three 
figures  show  an  apparent  saturation  in  NmF2  versus  daily  values  of  solar  flux  during 
winter,  with  a  less  apparent  saturation  effect  during  summer.  The  equinox  season  does  not 
exhibit  saturation  but  it  does  have  a  higher  degree  of  variability  than  the  other  seasons. 

The  bottom  figures  show  that  if  we  use  a  27  day  average  of  solar  flux  versus  daily  values 
of  NmF2,  the  saturation  effect  during  winter  and  summer  virtually  disappears  and  the 
general  variability  of  the  data  is  minimized.  In  general,  all  of  our  results  exhibit  similar, 
but  not  identical,  behavior. 

To  determine  if  a  different  functional  relationship  exists  in  different  regions  work 
should  continue  using  the  foF2  data  base  to  compare  results  from  stations  located  in 
different  latitude  and  longitude  regions.  Also  measurements  of  TEC  from  faraday  rotation 
during  one  solar  cycle  at  a  mid-latitude  location  could  be  used  to  illustrate  the  connection 
between  TEC  and  foF2.  Finally,  examination  of  the  GPS  TEC  solar  activity  dependence 
should  verify  the  connection  between  GPS  TEC,  TEC  determined  from  faraday  rotation. 
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and  foF2.  In  this  way,  what  is  learned  about  the  behavior  of  foF2  over  4  solar  cycles  could 
be  used  in  quantifying  the  relationship  between  TEC  and  solar  activity. 

3.7  Absolute  Real-Time  Ionospheric  Measurements  from  GPS  Satellites  in  the 

Prescence  of  Anti-Spooflng 

A  study  has  been  initiated  to  determine  the  possibility  of  using  GPS  measurements  in 
real-time  to  determine  the  absolute  ionospheric  error.  Until  the  onset  of  Anti-Spoofing, 
the  most  significant  limitation  for  real-time  GPS  analysis  was  caused  by  the  multi-path 
environment  especially  evident  at  low  elevation  angles.  With  anti-spoofing  turned  on,  the 
lower  signal  to  noise  ratio  additionally  limits  the  accuracy  of  making  absolute 
measurements  until  the  satellite  reaches  an  elevation  of  at  least  30  degrees.  We  have 
investigated  the  potential  accuracy  of  real-time  analysis  under  both  anti-spoofing  on  and 
off  conditions.  In  addition,  we  began  the  design  of  a  novel,  non-recursive,  adaptive  filter 
that  will  lessen  the  effect  of  the  low  signal  to  noise  ratio  induced  by  anti-spoofing. 


4.  ELECTRON  BACKSCATTER  AND  PROTON  PRECIPITATION 
4.1  Proton-H  Atom  Transport  Model  Developments 

During  the  contract  several  issues  arose  concerning  the  Proton-H  atom  Transport 
(PHT)  model.  The  simplest  problem  was  that  of  inconsistent  behavior  in  the  secondary 
electron  spectrum  produced  in  a  proton  aurora  as  a  function  of  the  energy  grid  used.  This 
proved  to  be  a  minor  bug  in  the  handling  of  the  relevant  cross  sections  and  was  easily 
corrected.  Of  greater  concern  was  the  question  of  how  well  does  the  program  conserve 
particles  and  energy. 

To  study  this  problem,  we  carefully  formulated  statements  of  particle  and  energy 
conservation  that  could  be  used  in  testing  the  solutions  of  the  transport  model.  In  using 
our  implementations  of  the  conservation  laws  to  study  this  problem,  a  series  of  bugs  were 
found  in  the  code.  Some  proved  to  be  minor  but  three  were  crucial.  One  involved  the 
conservation  tests  themselves  and  the  other  two  the  basic  integration  over  altitudes  that  is 
performed  when  solving  for  the  proton  and  H  atom  fluxes.  The  present  code  now 
conserves  particles  and  energy  at  each  altitude  and  pitch  angle  to  better  than  6%.  At  many 
altitudes  it  is  better  than  1%.  The  code  is  now  more  robust  having  been  mn  from  as  high 
in  altitude  as  700  km  and  as  low  in  energy  as  100  eV.  Previously,  500  eV  was  our  lower 
energy  hmit  and  our  top  altitude  had  to  be  600  km  or  below.  The  present  limit  of  100  eV 
is  simply  a  result  of  our  present  cross  sections  having  a  100  eV  lower  limit.  Likewise,  the 
700  km  is  a  limit  simply  because  we  have  yet  to  try  a  higher  boundary  altitude. 

While  the  initial  testing  of  the  model  was  performed  on  the  Convex,  the  model  has 
been  ported  to  the  VAX  so  it  can  be  conveniently  used  with  our  entire  suite  of  transport 
codes  that  reside  on  the  VAX  cluster.  Another  version  of  the  proton-H  atom  model  exists 
on  the  Convex  that  gives  essentially  the  same  results  but  has  been  modified  to  run  more 
efficiently.  It  will  be  ported  to  the  VAX  sometime  in  the  next  year.  We  also  ported  the 
model  to  a  Sun  Sparc  workstation. 
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4.2  Upgoing  Electrons  Produced  in  an  Electron-Proton-Hydrogen  Atom  Aurora 

We  have  performed  the  first  test  of  a  self-consistent  theory  for  the  combined 
electron-proton-hydrogen  atom  aurora.  The  results  of  this  study  are  found  in  the  paper 
"Upgoing  electrons  produced  in  an  electron-proton-hydrogen  atom  aurora"  by  D.T. 
Decker,  B.  Basu,  J.R.  Jasperse,  D.J.  Strickland,  J.R.  Sharber,  and  J.D.  Winningham.  A 
copy  of  this  paper  is  appended  to  this  report  (Appendix  1.). 


4.3  Collisional  Degradation  of  the  Proton-H  Atom  Fluxes  in  the  Atmosphere:  A 

Comparison  of  Theoretical  Techniques 

Over  the  life  of  this  contract,  we  have  enjoyed  a  productive  collaboration  with  the 
Polar  Geophysical  Institute  in  Apatity,  Russia.  The  focus  of  that  collaboration  has  been 
the  comparison  between  three  different  theoretical  models  for  proton-H  atom  transport. 
The  results  of  this  work  can  be  found  in  manuscript  titled  "Collisional  Degradation  of  the 
Proton-H  Atom  Fluxes  in  the  Atmosphere:  A  Comparison  of  Theoretical  Techniques"  by 
D.T.  Decker,  B.V.  Kozelov,  B.  Basu,  J.R.  Jasperse,  and  V.E.  Ivanov.  A  copy  of  this 
manuscript  is  appended  to  this  report  (Appendix  1 .). 


4.4  Incident  Proton  Spectra:  Ionospheric  Effects  of  High-Energy  Power  Law  Tails 

Observations  in  the  magnetosphere  and  the  ionosphere  suggest  that  proton  spectra 
incident  at  the  top  of  the  ionosphere  have  nonthermal  power  law  tails  at  energies  above 
Aeir  characteristic  or  peak  energy.  We  have  investigated  the  effects  these  tails  have  in  the 
ionosphere  and  summarized  our  results  in  a  paper  entitled  "Incident  Proton  Spectra: 
Ionospheric  Effects  of  High-Energy  Power  Law  Tails"  by  B.  Basu,  D.T.  Decker,  and  J.R. 
Jasperse.  A  copy  of  this  paper  is  appended  to  this  report  (Appendix  1.). 


4.5  Electron-Proton-H  Atom  Aurora:  Comparison  With  Observations 

While  a  model  for  the  electron-proton-hydrogen  atom  aurora  now  exists, 
comparisons  between  theory  and  experiment  are  in  their  infancy.  Accordingly,  we 
searched  for  suitable  data  to  use  in  testing  the  combined  electron-proton-H  atom  auroral 
model.  Overall,  the  results  were  discouraging.  Rocket  shots  made  in  the  late  sixties  and 
early  seventies  were  disappointing  in  the  quality  of  their  data.  The  basic  problem  is  the 
measurements  do  not  provide  an  adequate  specification  of  the  inputs  needed  by  the  model 
nor  many  of  the  ouq>uts  needed  for  a  through  test  of  the  model.  Similarly,  a  recent  rocket 
shot  (ARIA)  measured  ion  fluxes  but  the  counting  statistics  are  so  poor  as  to  make 
modeling  an  altitude  profile  a  pointless  exercise. 

One  brief  study  using  the  proton-H  atom  transport  model  was  completed.  What  was 
done  was  to  use  the  Hardy  et  al  statistical  model  of  auroral  ion  precipitation  [1989]  to 
supply  the  input  proton  fluxes  to  the  model  and  then  calculate  the  resulting  Hp  emissions 
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at  various  latitudes,  local  times,  and  magnetic  activities.  This  was  then  compared  to  the 
empirical  Hp  model  of  Creutsberg  et  al.  [1988].  In  Figure  34,  we  show  a  sample 
comparison  where  the  dashed  curves  are  from  Creutsberg  and  the  solid  curves  are  from  the 
model  calculations.  The  time  given  at  the  top  is  the  local  magnetic  time  and  results  are 
shown  for  three  levels  of  magnetic  activity.  Going  left  to  right  the  solid  curves  are  for  Kp 
=  4,2,0  and  the  dashed  curves  are  for  ae  =  360. 1, 1 13.5,  25.  One  can  see  that  the  general 
trends  with  magnetic  activity  are  consistent,  but  clearly  the  model  results  are  running  up  to 
a  factor  of  2  higher.  Given  the  uncertainties  concerning  ground  based  measurements  and 
the  somewhat  apples  and  oranges  comparison  that  results  from  Hardy  et  al.  being  based 
on  18,000  satellite  passes  and  Creutsberg  et  al  being  based  on  14  nights,  it  is  difficult  to 
assess  how  serious  a  problem  the  model  may  have. 

In  another  study,  we  attempted  to  model  three  emissions  that  were  observed  during 
the  1981  AFGL  Auroral  E  rocket  campaign.  In  this  experiment  there  were  upward  looking 
photometer  measurements  but  no  successful  particle  measurements.  This  meant  that  we 
had  to  use  one  emission  to  determine  the  incident  proton  characteristics,  another  to 
determine  the  incident  electron  characteristics  and  then  using  the  inferred  inputs  calculate 
a  third  emission  to  compare  to  observation.  In  Figure  35,  we  show  the  fit  to  the  Hp 
emission  assuming  a  6.5  keV  Maxwellian  protons  incident  with  an  energy  flux  of  .228 
ergs/cm2-sec.  In  Figure  36,  we  show  the  fit  to  3914A  assuming  1.3  keV  Maxwellian 
electrons  incident  with  an  energy  flux  of  1.6  ergs/cm^-sec  along  with  the  incident  protons. 
Finally  in  Figure  37  we  show  the  VK  2762 A  emission  that  results  from  using  the  inferred 
particle  fluxes.  The  two  curves  come  from  using  different  O  quenching  factors.  The  S 
designates  the  aeronomically  determined  factor  from  Sharp  and  the  P  designates  the 
laboratory  determined  factor  from  Piper.  One  can  see  that  within  the  quenching 
uncertainty  that  we  have  good  agreement.  It  should  be  noted  that  while  an  encouraging 
result,  this  case  is  not  a  very  severe  test  of  the  proton-H  atom  model  since  most  of  the 
emission  appears  to  come  from  the  electrons. 


5.  MODELING  HIGH  LATITUDE  F  REGION  BLOBS  AND  PATCHES 

5.1  Modeling  Polar  Cap  F-region  Patches 

We  performed  various  simulations  to  study  the  formation  of  polar  cap  F-region 
patches.  Our  first  efforts  lead  to  a  paper  entitled  "Modeling  Polar  Cap  R  Region  Patches 
Using  Time  Varying  convection"  by  J.J.  Sojka,  M.D.  Bowline,  R.W.  Schunk,  D.T.  Decker, 

C. E.  Valladares,  R.  Sheehan,  D.N.  Anderson,  and  R.A.  Heelis.  A  copy  of  this  paper  is 
appended  to  this  report  (Appendix  1.). 

Our  next  study  focused  on  modeling  daytime  F  layer  patches  over  Sondrestrom  and 
was  described  in  the  paper  "Modeling  Daytime  F  Layer  Patches  Over  Sondrestrom"  by 

D. T.  Decker,  C.E.  Valladares,  R.  Sheehan,  Su.  Basu,  D.N.  Anderson,  and  R.A.  Heelis.  A 
copy  of  this  paper  is  appended  to  this  report  (Appendix  1.). 

We  also  have  examined  a  scenario  for  producing  density  enhancements  in  the  polar 
cap  that  was  originally  studied  by  Anderson  et  a/.[1988].  Our  purpose  was  to  clarify  what 
is  happening  in  that  scenario  and  verify  that  while  it  appears  to  be  different  from  the 
scenarios  described  in  Sojka  et  aZ.[1993]  and  Decker  eta/.[1994]  in  fact  all  three  papers 
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are  describing  essentially  the  same  mechanism.  That  mechanism  is  one  of  changing  in 
time  the  location  of  the  type  three  trajectories  .  These  are  the  trajectories  where  corotation 
and  the  magnetospheric  potential  act  together  to  take  plasma  from  the  sunlit  lower 
latitudes  and  bring  it  in  and  across  the  polar  cap.  In  Sojka  et  al.  [1993],  the  change  was 
done  by  using  the  By  dependence  of  the  global  convection  pattern.  In  Decker  et  al.  [1994], 
it  was  done  by  changing  between  Heelis  patterns  and  Heppner/Maynard  patterns.  In 
repeating  the  Anderson  et  al.  calculation,  we  have  found  that  changing  the  polar  cap  radius 
and  potential  drop  also  changes  where  the  type  three  trajectories  are  to  be  found.  However 
the  change  is  not  one  of  going  from  a  pattern  that  has  no  type  three  trajectories  and  thus 
creates  no  tongue  of  ionization  (TOI)  to  a  pattern  that  does.  Rather  both  patterns  have  type 
three  trajectories  and  create  a  TOI.  What  is  different  is  that  the  large  radius  pattern  creates 
a  broader  TOI  as  compared  to  that  created  by  a  small  radius  pattern.  We  also  found  that 
the  signature  on  the  ground  is  very  sensitive  to  the  chosen  location.  This  indicates  that 
under  the  same  conditions  different  high  latitude  stations  may  have  very  different 
signatures  of  F-region  structure.  We  also  found  that  the  structure  produced  was  very 
sensitive  to  details  of  the  convection  pattern.  It  is  not  yet  clear  if  this  mechanism  will 
work  in  general  or  if  it  is  basically  an  artifact  of  the  Heelis  82  convection  pattern  that  was 
originally  used. 

5.2  Modeling  Boundary  Blobs 

We  have  used  GTIM  to  study  the  mechanism  which  generates  F-region  electron 
density  enhancements  known  as  boundary  blobs.  The  results  of  our  study  are  found  in  the 
paper  "Modeling  Boundary  Blobs  Using  Time  Varying  Convection"  by  D.N.  Anderson, 
D.T.  Decker,  and  C.E.  Valladares.  A  copy  of  this  paper  is  appended  to  this  report 
(Appendix  1.). 

6.  OPTICAL  RADIATION 

We  investigated  the  ultraviolet  radiations  obtained  on  shuttle  missions  STS-4  and 
STS-39.  The  intensity  of  the  radiations  as  a  function  of  wavelength  and  tangent  altitude 
have  been  examined.  This  involved  the  modification  of  programs  that  had  been  written  for 
these  flights  in  order  to  obtain  the  desired  plots  for  these  radiations.  The  SUN 
workstation,  the  gpx  vax  and  the  dsm  vax  were  used  for  this  purpose.  As  the  gpx  vax  is  no 
longer  available,  a  way  was  found  for  reading  the  data  on  our  optical  discs.  Most  of  the 
STS-4  data  are  now  in  the  SUN  workstation  available  for  comparison  with  the  AURIC 
code. 

Phillips  Laboratory  began  a  new  initiative  to  investigate  the  electrical  discharges 
from  thunderstorms  that  go  upwards  into  the  lower  part  of  the  ionosphere.  Our  part  on  this 
effort  has  been  the  design  of  an  experiment  to  measure  the  electron  temperature  in  the 
discharge.  It  consists  of  a  UV/visible  imager  and  two  photometers.  The  radiations  to  be 
measured  are  H„  and  Hp  at  6563  and  4861  Angstroms.  The  theory  of  obtaining  electron 
temperature  from  the  ratio  of  these  two  radiations  has  been  examined.  It  has  been  applied 
to  laboratory  measurements  but  not  yet  to  thunderstorm  discharges.  Among  the 
experimental  problems  that  we  have  worked  on  are  (a)  the  characteristics  of  the  narrow 
band  filters  needed  to  make  the  measurements,  (b)  the  simultaneous  measurements  of  H^ 
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and  Hp  and  computer  recording  of  same,  and  (c)  accurate  timing  signals  into  both  sets  of 
instruments  for  comparing  the  data  obtained.  A  paper  describing  this  experiment  has  been 
prepared  for  the  meeting  of  the  International  Optical  Engineering  Society  in  August  1996. 
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Abstract 

An  experimental  campaign  to  measure  diurnal  changes  in  Total  Electron  Content,  (TEC),  over  the  wide  larimdf 
range  from  approximately  50  degrees  North  to  40  degrees  South  was  carried  out  from  28  March  through  11  April,  1994  by 
monitoring  the  differential  carrier  phase  from  the  US  Navy  TRANSIT  Navigation  Satellites,  using  a  chain  of  ground 
stations  aligned  along  the  approximate  70  degree  west  longitude  meridian.  This  campaign  was  conducted  primarily  to  study 
the  day-to-day  variability  of  the  equatorial  anomaly  region.  The  experimental  plan  included  using  the  received  values  of 
TEC  from  the  chain  of  stations  to  consttuct  profiles  of  electron  density  versus  latitude  using  tomographic  reconstruction 
techniques,  and  then,  to  compare  these  reconstructions  against  a  theoretical  model  of  the  low  latitude  ionosphere. 

The  diurnal  changes  in  TEC  along  this  latitude  chain  of  stations  showed  a  high  degree  of  variability  from  day-to- 
day,  especially  during  a  magnetic  storm  which  occurred  near  the  beginning  of  the  campaign.  The  equatorial  anomaly  in 
TEC,  showed  large  changes  in  character  in  the  two  hemispheres,  as  well  as  differences  in  magnitude  from  day  to  day.  The 
latitudinal  gradients  of  TEC,  especially  in  the  lower  mid-latitudes,  also  showed  large  differences  between  magnetic  storm 
and  quiet  conditions.  Comparisons  of  the  TEC  data  with  the  theoretical  model  illustrate  the  sensitivity  of  the  model 
calculations  to  changes  in  magnetic  Ex  B  drift,  and  serves  to  validate  the  strong  dependence  of  these  drifts  on  the  formation 
and  the  strength  of  the  equatorial  anomaly  regions. 


Introduction 

The  equatorial  anomaly  region  is  characterized  by  the  highest  values  of  peak  electron  density  and  Total  Electron 
Content  in  the  worldwide  ionosphere.  These  large  values  are  primarily  due  to  the  daytime  upward  E  x  B  drift  at  the 
magnetic  equator  which  drives  the  ionization  to  higher  altitudes.  As  the  layer  is  lifted  to  higher  altitudes,  it  diffuses  down 
field  lines  that  connect  to  the  ionosphere  north  and  south  of  the  equator  causing  crests  at  latitudes  approximately  +/-  15° 
from  the  magnetic  equator.  The  day-to-day  variability  of  the  equatorial  ionosphere  can  be  very  large,  due  to  changes  in  the 
strength  of  the  E  x  B  drift  and  from  differences  in  the  day-to-day  strength  of  both  the  meridional  and  zonal  component  of 
neutral  winds. 

^Tiile  many  measurements  of  the  equatorial  and  low  latitude  ionosphere  have  been  made  by  various  techniques, 
begituiing  with  bottomside  ionosondes,  then  by  incoherent  scatter  radars  at  Jicamarca,  Peru  and  at  Kwajalein  Island,  later 
by  topside  sounders,  and  finally  by  a  dual  frequency,  dispersive  radar  on  the  TOPEX/POSEIDON  satellite,  continuous 
measurements  of  the  ionosphere  over  a  wide  latitude  range,  in  a  single  longitude  sector,  have  not  been  generally  available. 
Deshpande,  et  ai,  (1977),  first  showed  the  day-to-day  variability  of  the  low  latitude  Total  Electron  Content,  (TEC),  and 
\axcT  Rastogi  and  Klobuchar.  (1990)  showed  examples  of  the  day-to-day  variability  in  TEC  over  the  Indian  sub-continenL 
Model  studies  by  Klobuchar,  et  ai.  (1991),  showed  that  different  Ex  B  drifts  could  significantly  change  the  TEC  and  the 
electron  density  at  the  F2  region  peak  over  a  wide  range  of  latitudes,  but  little  actual  diurnal  data  over  a  wide  range  of 
latitudes  has  been  available  to  check  the  validity  of  this  model. 
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In  order  to  measure  the  day-to-day 
variability  of  the  ionosphere  over  a  wide 
range  of  latitudes,  a  chain  of  stations  was 
set  up  along  the  approximate  70  degrees 
west  longitude  meridian  to  make 
measurements  of  TEC  using  the  dual 
frequency  coherent  signals  from  the  US 
Navy  TRANSIT  Navigation,  (NNSS) 

Satellites.  Figure  1  illustrates  the  station 
chain.  The  sites  were  located  at  Hanscom 
AFB,  MA,  on  the  islands  of  Bermuda  and 
Puerto  Rico  as  well  as  at  Merida, 

Venezuela,  La  Paz,  Bolivia  and  Tucuman, 

Argentina.  The  planned  site  at  Tabatinga, 

Brazil  was  not  operated  due  to  logistical 
difficulties  and  resulted  in  the  WABS  data 
gap,  (Winterbottom  1994).  Also  shown  in 
Figure  1  are  typical  NNSS  Satellite  passes, 
both  a  northbound  and  a  southbound  one,  to 
illustrate  that  the  station  chain  was  nearly 
ideal  for  such  measurements. 

Figure  1)  Map  of  stations  along  Oie  «  70®  west  longitude  meridian 
used  in  the  campaign. 


Ionospheric  Measurements 

The  NNSS  satellites  transmit  coherent  radio  beacons  at  150  and  400  MNz.  To  determine  the  measurement  of  TEC 
along  the  70  degree  meridian,  the  relative  differential  carrier  phase  recorded  at  all  sites  was  combined,  converted  to 
equivalent  vertical  TEC  and  changed  into  absolute  TEC  values  using  a  visual,  multi-station  version  of  the  two  station 
method  developed  by  Leitinger,  et  ai,  (1975).  There  were  six  NNSS  satellites  transmitting  on  the  operational  navigation 
frequencies  during  the  approximate  two  week  period  of  the  campaign,  making  it  possible  to  record  a  high  elevation  pass 
from  one  of  the  NNSS  satellites  from  the  chain  of  stations  approximately  every  2  hours. 

The  campaign  data  is  complemented  with  simultaneous  measurements  of  TEC  from  dual  frequency  GPS  and  from 
verti^  TEC  measured  with  the  TOPEX/POSEIDON  satellite.  GPS  dual  frequency  data  recorded  at  Arequipa,  Peru  and 
Santiago,  Chile  was  obtained  from  the  International  GPS  Service  for  Geodynanucs  network  that  is  managpA  by  the  Jet 
Propulsion  ^boratoiy  (IGS,  1995).  For  this  data  set,  absolute  measures  of  TEC  were  made  by  combining  the  differential 
phase  and  differential  group  delay  measurements.  The  slant  TEC  values  then  were  converted  to  equivalent  vertical  TEC  at 
400  km.  In  additioii,  ^incident  measurements  from  the  TOPEX/POSEIDON  sateUite  are  also  presented  in  this  study.  The 
TOPEX  satellite  mission  is  dedicated  to  the  study  of  ocean  topography.  The  onboard  dual  frequency  (5.2  and  13.6  Ghz) 
altimeter  provides  near  global  vertical  TEC  measurements  over  the  ocean  areas.  In  addition  to  TEC  measurements, 
attempts  have  been  made  to  detect  the  occurrence  of  phase  and  amplitude  scintillation  in  the  equatorial  region  during  the 
campaign  period.  The  GPS  receivers  at  Arequipa  and  Santiago  were  used  to  detect  phase  scintillation  effects  while  GPS 
receivers  co-located  at  the  NNSS  monitoring  sites  at  Merida  and  Tucuman  were  used  to  detect  the  presence  of  amplioide 
scintillation. 

The  measurements  were  made  near  solar  minimum  in  late  March  and  early  April,  1994.  Geomagnetic  activity 
levels  were  considered  quiet  in  the  first  few  days  of  the  campaign.  A  major  magnetic  storm  began  on  April  1st,  and  the 
remamder  of  the  period  of  observations  had  at  least  moderate  geomagnetic  activity.  Data  recorded  during  the  campaign 
thus  allowed  the  opportunity  to  study  the  latitudinal  gradients  of  the  ionosphere  during  both  geomagnetically  quiet  and 
disturbed  conditions. 
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Experimental  Results 


An  example  of  equivalent  venical  TEC  from  the  full  chain  of  six  stations  is  shown  in  Figure  2.  In  this  figure,  the 
TEC  is  plotted  from  approximate!)  50°  North  to  40°  South,  a  latitude  span  of  90°  encompassing  both  sides  of  the  equatorial 
region.  At  this  longitude  sector,  the  magnetic  equator  is  located  at  approximately  11°  South  geographic  latitude.  This 
figure  shows  a  classic  case  of  two  clearly  defined  anomaly  regions  spaced  approximately  10  to  15  degrees  away  from  the 
geomagnetic  equator  in  both  the  northern  and  southern  hemispheres.  Note  that  the  two  stations  from  which  the  southern 
anomaly  peak  in  equivalent  vertical  TEC  is  inferred  give  somewhat  different  TEC  values,  though  they  both  show  the  p<»ak 
at  the  same  latitude.  This  difference  in  equivalent  vertical  TEC  is  due  to  errors  in  converting  from  the  measured  slant  TEC 
to  an  equivalent  vertical  TEC  when  looking  through  gradients  which  are  a  function  of  elevation  angle.  This  problem  has 
been  discussed  by  Tsedilina,  et  ai,  (1994). 
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DAY  93  (~2320UT) 


LATITUDE 


Figure  2)  Equivalent  Vertical  TEC  from  the  full  chain  Figure  3)  Comparison  of  TEC  measurements  from 

of  six  stations  at  appronmately  1600  UT  on  6  April  the  NNSS,  TOPEX  and  GPS  satellite  systems  at 

1994.  approximately  2320  UT  on  3  April  1994. 


To  access  the  accuracy  of  the  TEC  measurements  made  during  die  campaign,  equivalent  vertical  TEC  from  GPS 
receivers  located  at  Santiago,  Chile  and  Arequipa,  Peru  and  vertical  TEC  measurements  made  via  the  TOPEX/POSEIDON 
satellite  were  compared  with  campaign  data.  Figure  3  illustrates  one  of  these  comparisons.  The  GPS  measurements  shown 
in  this  figure  represent  simultaneous  measurements  of  equivalent  vertical  TEC  at  400  kra  Since  GPS  satellites  are  located 
at  an  altitude  greater  than  20,000  km  and  the  NNSS  satellites  are  at  1200  km,  simultaneous  measurements  from  the  two 
satellite  systems  are  relatively  short  in  local  time.  The  TOPEX  measurements  in  this  illustration  are  restricted  to  times 
when  the  TOPEX  ground  track  comes  within  one  hour  local  time  of  the  campaign  measurements.  The  TOPEX  satellite  is 
located  at  1300  km  and  prorides  vertical  measurements  of  TEC  to  that  height  This  figure  shows  that  the  GPS  data 
measured  at  Santiago  is  in  good  agreement  with  the  NNSS  measurements,  while  the  GPS  measurements  made  at  Arequipa 
are  somewhat  higher.  The  GPS  measurements  near  Arequipa,  however,  are  in  agreement  with  the  TOPEX  measurements. 
The  TOPEX  and  NNSS  calculations  compare  favorably  in  the  shape  and  geographic  location  of  the  southern  anomaly  peak. 
The  differences  occur  in  the  slight  shift  in  the  anomaly  region  surrounding  the  southern  anomaly  peak  and  the  magnitude  at 
the  peak.  The  TOPEX  calculations  illustrate  a  peak  that  is  ^proximately  6  TEC  units  smaller  than  the  NNSS 
measurements.  This  difference  could  represent  an  error  in  the  slant  to  vertical  conversion  process  used  for  the  NNSS  data. 

The  PANAM  campaign  provided  the  unique  opportunity  to  observe  the  full  diurnal  development  and  decay  of  the 
equatorial  anomaly.  Figure  4  illustrates  measurements  from  a  series  of  satellite  passes  for  four  consecutive  days  during  the 
campaign.  Note  that  each  pass  is  offset  by  15  TEC  units  for  each  hour  of  local  time  after  noon  to  allow  a  visual  separation 
between  passes.  In  this  figure,  a  classic  response  to  the  ExB  drift  is  portrayed  where  the  anomaly  begins  to  develop  by  late 
morning,  but  does  not  peak  until  near  2000  hours  local  time.  Not  all  six  stations  were  op>erating  for  these  days,  but  the 
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general  behavior  of  the  equatorial  anomaly  and  the  differences  in  the  shape  of  the  anomaly  among  the  four  days  can  still  be 
seen  in  this  figure.  Note  that  the  magnitude,  width  and  symmetry  of  the  latitudinal  anomaly  peaks  in  the  southern  and 
northern  hemisphere  exhibit  large  variation  over  this  four  day  period.  In  particular,  there  is  little  evidence  of  the  northern 
anomaly  peak  on  day  94  at  local  noon,  while  there  is  clear  evidence  of  it  on  days  95  through  97.  Also,  the  slope  on  the 
northern  side  of  the  anomaly  peak  at  local  noon  differs  greatly  over  the  four  days.  Finally,  the  magnitude  of  the  southern 
anomaly  peaks  are  much  higher  on  days  94  and  96  than  on  days  95  and  97.  The  post  midnight  and  early  morning  passes 
although  not  included  in  this  figure,  show  no  signs  of  anomaly  features.  They  are  descriptive  of  the  downward  motion  of 
the  vertical  Ex  B  drift,  where  the  ionization  is  driven  to  lower  heights  to  a  region  of  greater  loss.  Although  this  data  set  is 
very  informative,  the  data  gaps  near  the  magnetic  equator  seriously  limit  our  ability  to  make  precise  determinations  of  the 
location  and  shape  of  the  anomaly,  particularly  in  the  northern  hemisphere.  These  data  gaps  are  due  to  the  lack  of  a  station 
near  the  magnetic  equator  together  with  intermittent  power  difficulties  experienced  at  the  La  Paz.  Bolivia  station. 


Figure  4)  Diurnal  development  of  the  equatorial  anomaly  from  1200  to  2400  hours  local  time 

for  4-7  April  1994. 

The  high  degree  of  variation  in  the  development  of  the  equatorial  anomaly  illustrated  in  figure  4  is  primarily  due  to 
Ae  large  differences  in  the  vertical  electrodynanuc  lift  at  the  equator.  Drifts  variations  have  been  shown  to  have  a  large 
impact  on  the  latitudinal  location  and  amplitude  of  the  equatorial  anomaly  peaks  {Klobuchar  et  ai.  1991).  The  symmetry 
of  both  the  amplitude  and  position  of  the  equatorial  anomaly  peaks  between  the  northern  and  southern  hemi^here  is  largely 
a  neutral  wind  effect  The  next  section  focuses  on  some  of  these  relationships  by  comparing  some  of  the  campaign  data  to  a 
theoretical  model  of  the  low  latitude  ionosphere. 


Model  Comparisons 

The  data  recorded  during  the  campaign  provides  a  unique  data  base  for  model  validation.  In  this  section,  a 
comparison  of  TEC  measurements  with  calculations  fix)m  the  Phillips  Laboratory  Global  Theoretical  Ionospheric  Model 
(G'llM)  is  presented.  The  F-region  portion  of  this  model  numerically  solves  the  0+  continuity  equation  to  determine 
densities  as  a  function  of  altitude,  latitude,  longitude  and  local  time.  The  model  requires  a  variety  of  geophysical  inputs  that 
mclude  a  neutral  atmosphere,  neutral  winds,  ion  and  electron  temperatures  and  £  x  B  drift  velocities.  The  standard  model 
mputs  and  calculations  us^  in  the  low  latitude  model  are  described  in  Preble  et  ai,  (1994).  The  GTIM  model  is  flexible  in 
that  the  inputs  can  be  modified  to  test  the  sensitivity  of  the  ionosphere  to  any  one  or  more  of  these  parameters. 
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LOCAL  TfVe 


Figures  5a  through  5d  illustrate  a  comparison  of  the  data  with  a  sequence  of  model  calculations.  Figure  5a  shows 
the  equivalent  vertical  TEC  measurements  recorded  on  the  6th  of  April.  For  clarity,  the  approximate  local  time  is  printed 
near  the  left  y  axis  and  each  curve  is  offset  by  a  factor  of  40  TEC  units.  This  data  shows  a  well  defined  equatorial  anomaly 
at  local  noon.  It  peaks  near  1900  local  time  and  begins  to  show  signs  of  decay  at  2300  hours.  The  next  three  panels 
represent  model  calculations  for  comparable  geomagnetic,  seasonal  and  solar  conditions.  The  results  shown  in  Figure  5b 
are  based  on  a  climatological  vertical  E  x  B  drift  pattern  for  solar  moderate  conditions.  Note  that  the  local  time 
development  and  the  dip  latitude  positions  of  the  peaks  are  realistic  while  the  magnitudes  of  the  peaks  are  much  smaller  than 
those  exhibited  in  the  data  measurements.  Initial  efforts  to  increase  the  magnitude  of  the  equatorial  anomaly  peaks  were 
made  by  increasing  the  £  x  5  drift.  The  results  (not  shown)  produce  larger  peaks  but  also  extend  the  anomaly  out  to  higher 
latitudes.  The  base  run  of  the  model  shown  in  Figure  5b  used  a  temperature  model  that  was  originally  developed  for  the 
mid-latitude  region.  Figure  5c  represents  the  model  calculations  that  include  a  more  appropriate  low-latitude  temperature 
model  {Brace  and  Theis,  1981).  This  modification  produces  sharper  anomaly  peaks  and  more  realistic  slopes  poleward  of 
the  anomaly  peaks.  The  dip  latitude  positions  of  the  anomaly  peaks  are  accurately  maintained,  but  the  magnitude  of  the 
peaks  are  still  much  smaller  than  the  data  calculations.  The  E  x  B  vertical  drift  velocities  used  in  the  model  are  based  on 
drift  measurements  made  at  Jicamarca,  Peru.  In  general,  they  are  applied  in  the  model  with  no  altitude  dependence.  Figure 
5d  illustrates  model  results  when  a  simple  linear  height  variation  in  the  vertical  drift  is  incorporated  into  the  calculations. 
This  modification  produces  more  accurate  peak  shapes  in  both  hemispheres  and  realistic  slopes  to  higher  latitudes  within  -i-/- 
20  degrees  dip  latitude.  The  unrealistic  change  induced  at  latitudes  greater  than  +/-20  degrees  indicates  that  the  drift 
gradient  needs  to  be  refined.  Although,  the  magnitude  of  the  anomaly  peaks  have  been  increased  they  are  still  lower  than 
the  data  measurements. 


Figure  5a)  Equivalent  Vertical  TEC  measurements  of  6  April  1994. 

Figure  5b)  Model  calculations  based  on  climatological  Ex  B  drift  and  original  temperature  model  (see  text). 

Figure  5c)  Model  calcidations  with  a  more  appropriate  low  latitude  temperature  model 

Figure  5d)  Model  calculations  with  a  more  appropriate  lowlatitude  temperature  model  and  anExB  drift  gradient. 

These  comparisons  have  illustrated  the  sensitivity  of  the  equatorial  anomaly  to  changes  in  ion  and  electron 
temperatures  and  E  x  B  drift  velocities.  Additional  calculations  are  in  progress  to  investigate  neutral  wind  effects  and  to 
refine  the  £  x  B  drift  gradient  applied  in  the  model.  In  this  study,  GTIM  has  shown  the  capability  to  reproduce  some  of  the 
major  features  of  measured  data  in  the  low-latitude  region  even  under  geomagnetically  disturbed  conditions. 
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Scintillation  Observations 


Measurements  of  scintillation  activity  were  also  detected  during  the  campaign  period.  Ionospheric  scintillation  is 
caused  by  small  scale  irregularities  in  the  electron  density  of  the  F2  region  of  the  ionosphere.  The  most  intense  scintillation 
is  found  in  the  equatorial  anomaly  region.  Prior  studies  have  shown  that  scintillation  observations  have  a  distinct  diurnal 
dependence.  In  the  equatorial  anomaly  region,  they  are  most  likely  to  occur  between  sunset  and  midnight  and  may  continue 
until  dawn  under  disturbed  conditions.  Scintillation  also  has  a  clear  longitudinal  and  seasonal  dependence,  where,  in  the 
American  sector,  scintillation  is  most  likely  to  occur  from  September  through  March  and  is  rarely  experienced  from  May 
through  August.  These  studies  also  show  a  clear  dependence  on  solar  activity,  where  occurrences  of  scintillation  decrease 
with  decreasing  solar  activitj'  (Aarons  and  Basu,  1985,  Basu  et  al.,  1988,  Wanniger,  1993,  Aarons  and  Basu,  1994). 


The  GPS  measurements  made  during  the  campaign  to  detect  phase  and  amplitude  scintiDation  conform  to  those 
earlier  studies.  Phase  scintiUation  is  generally  a  result  of  rapid  large  scale  (1  km  or  greater)  variations  in  TEC,  therefore,  it 
is  possible  to  infer  phase  scintillation  by  observing  rapid  changes  in  TEC.  In  this  study,  the  TEC  calciilntions  made  with 
the  dual  frequency  GPS  data  recorded  at  Arequipa  and  Santiago  were  utilized  to  infer  the  presence  of  phase  scintillation 
activity.  This  was  carried  out  by  hi^  pass  filtering  the  30  second  values  of  slant  TEC  to  remove  the  long  term  variations 
caused  by  diurnal  changes  and  the  changing  elevation  angle  to  the  satellite.  Relative  changes  in  TEC  over  one  minute 
periods  then  were  computed  to  infer  the  strength  of  phase  fluctuations  observed  from  these  two  monitoring  stations.  Figure 
6  summarizes  these  results  for  the  Arequipa  site  on  the  9th  of  April.  In  this  figure,  relative  changes  in  TEC  over  one  triTmitp 
periods  are  plotted  versus  local  time  at  the  ionospheric  pierce  point  for  each  of  the  GPS  space  vehicles  noted  in  the  left  y- 
axis.  The  scale  located  in  the  lower  right  hand  comer  of  the  figure  depicts  the  size  of  the  fluctuations  in  TEC  units.  This 
figure  illustrates  that  varying  degrees  of  scintillation  effects  were  observed  between  0000  and  0200  hours  local  time  by  GPS 
space  vehicles  5,  9,  13  and  20.  Simultaneous  measurements  from  GPS  satellites  12  and  26  show  no  signs  of  scintillation. 
Results  of  this  analysis  for  the  entire  campaign  period  show  that  occurrences  of  phase  scintillation  were  detected  from  this 
site  on  seven  nights  during  the  campaign.  On  the  nights  of  April  3rd  and  4th,  longer  periods  of  phase  scintillation  were 
detected  until  dawn.  Figure  7  displays  the  results  during  the  same  day  for  the  Santiago  station.  Note  that  fliere  are  no 
measurements  displaying  rapid  changes  in  TEC  from  this  location.  Analysis  results  for  this  station  resulted  in  the  detection 
of  one  period  of  mild  phase  scintillation  effects  in  the  early  moring  hours  of  April  4th. 


4/  9/94  AREQUIPA 


]ATEC 


Figure  6)  Changes  in  TEC  over  periods  of  one  minute 
measured  with  GPS  satellites  from  Arequipa  on 
9  April  1994. 


4/  9/94  SANTIAGO 


]ATEC 


Figure  7)  Changes  in  TEC  over  periods  of  one  minute 
measured  wUh  GPS  satellites  from  Santiago  on 
9  April  1994. 


In  addition  to  the  phase  scintillation  that  was  inferred  by  the  GPS  measurements  made  at  Arequipa  and  Santiago, 
amplitude  scintillation  measurements  were  made  by  GPS  receivers  that  were  co-located  at  the  TRANSIT  monitoring  sites  at 
Tucuman  and  Merida.  The  single  frequency  receiver  at  Tucuman  was  only  able  to  measure  amplitude  scintillation,  while 
the  dual  frequency  receiver  at  Merida  was  used  for  both  TEC  and  amplitude  scintillation  measurements.  The  GPS 
measurements  made  at  Tucuman  and  Merida  also  agree  with  earlier  studies  on  scintillation  and  complement  the  phase 
scintillation  measurements  made  at  Arequipa  and  Santiago.  At  the  Tucuman  station,  evidence  of  low  level  amplitude 
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scintillation  (2  to  3  dB  fades  peak-to-peak)  was  observed  for  one  to  three  hours  on  six  of  the  thirteen  nights  of  operation. 
Two  additional  days,  April  3rd  and  4th,  exhibited  more  intense  scintillation  effects  {Bishop  and  Basil,  1995).  The  data 
recorded  at  Merida  was  carefully  inspected  for  signs  of  amplitude  scintillation  by  calculating  the  scintillation  index 
during  all  the  local  nighttime  hours.  Values  of  S4  were  consistently  below  .2,  indicating  that  scintillation  was  not  observed 
from  Merida  during  the  entire  campaign. 

The  primary  reason  for  the  differences  in  scintillation  observed  at  these  sites  is  illustrated  in  Figure  8.  Equatorial 
scintillation  is  caused  by  the  irregularities  that  originate  in  the  F2  layer  of  the  ionosphere  over  the  equator.  Near  sunset,  the 
layer  is  driven  to  higher  altitudes  over  the  equator  by  vertical  ExB  drift.  At  these  higher  altitudes,  the  layer,  together  with 
the  embedded  irregularities,  diffuses  down  magnetic  field  lines  producing  scintillation  effects  at  the  height  of  the  F2  layer  at 
latitudes  away  from  the  equator.  Figure  8  illustrates  this  scenario  by  showing  magnetic  field  lines  intersecting  different 
heights  over  the  magnetic  equator.  Also  shown  in  this  figure  are  slant  ray  paths  from  various  GPS  satellites  to  some  of  the 
stations  used  for  scintillation  measurements  in  the  campaign.  Assuming  a  mean  height  of  400  km  for  the  peak  of  the  F2 
region,  this  figure  indicates  that  the  slant  ray  paths  from  the  station  located  at  Santiago,  Chile  can  see  up  to  1000  km  over 
the  equator,  as  well  as  a  height  as  low  as  500  km  over  the  equator.  Due  to  its  close  proximity  to  the  Santiago  station,  the 
ray  paths  from  Tucuman  were  omitted  from  this  figure.  However,  the  slant  ray  paths  from  Tucuman  indicate  that  the 
visibility  over  the  magnetic  equator  ranged  from  approximately  400  km  to  700  km.  From  the  station  at  Arequipa,  Peru, 
slant  ray  paths  could  see  from  the  400  km  intersection  over  the  magnetic  equator  to  a  height  of  nearly  600  km.  The 
mountainous  terrain  surrounding  the  Merida,  Venezuela  station  seriously  limited  the  view  toward  the  magnetic  equator  to 
24“  elevation.  Therefore,  slant  ray  paths  from  this  location  were  only  djle  to  measure  irregularities  that  occurred  at  heights 
in  excess  of  1000  km  over  the  magnetic  equator.  Taking  into  account  that  scintillation  effects  were  observed  at  Arequipa 
and  Tucuman  but  not  at  Merida  indicates  that  the  height  of  irregularities  over  the  magnetic  equator  during  the  campaign 
period  was  consistently  below  1000  km.  An  interesting  suggestion  made  by  figure  8  is  that  with  as  few  as  three 
strategically  located  GPS  monitoring  stations,  the  vertical  extent  of  the  height  of  irregularities  over  the  magnetic  equator 
over  the  western  portion  of  South  America  can  be  monitored  in  near  real  time. 


Figure  8)  Magnetic  field  lines  over  the  geomagnetic  equator  with  slant  ray  paths  from  various  GPS  satellites  to 

ground  receiver  sites. 

Conclusions 

The  first  attempt  at  measuring  TEC  over  a  large  geographic  latitude  range  has  been  successful.  The  data  base 
collected  illustrates  the  large  day-to-day  variabilitj'  in  the  occurrence,  location  and  amplitude  of  the  equatorial  anomaly.  It 
is  surprising  that  the  TEC  values  are  so  low  in  the  latitude  range  greater  than  +/-  40“,  and  that  the  latitudinal  gradients  in 
TEC  are  steeper  on  the  poleward  edge  of  the  southern  anomaly  peak  than  on  the  poleward  edge  of  the  northern  anomaly 
peak.  The  multi-station  data  measurement  technique  has  been  validated  by  simultaneous  measurements  of  TEC  from  dual 
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frequency  GPS  and  dual  frequency  altimeter  measurements  from  the  TOPEX/POSEIDON  satellite.  Differences  between 
these  data  sources  is  largely  a  factor  of  differences  in  slant  to  vertical  conversion  errors. 

The  GPS  data  recorded  during  the  campaign  was  instrumental  in  defining  the  presence  and  magnitude  of  phase  and 
amplitude  scintillation.  In  addition,  use  of  the  GPS  measurements  have  inferred  a  possible  technique  to  determine  the 
vertical  extent  of  the  height  of  irregularities  over  the  magnetic  equator  in  near  teal  time. 

Model  comparisons  have  illustrated  the  sensitivity  of  the  equatorial  anomaly  to  changes  m  E  x  B  vertical  drift  and 
have  defined  an  apparent  altitude  dependence  in  the  vertical  drift  measurements.  Additional  modeling  work  is  required  to 
investigate  the  neutral  wind  effects  and  to  further  test  different  drift  gradients  to  determine  how  closely  the  model  can  fit  the 
actual  experimental  data  over  a  wide  latitude  range. 


The  prime  purpose  of  the  campaign  was  to  develop  an  equatorial  data  base  to  be  used  in  ionospheric  tomography 
reconstructions.  The  absence  of  a  station  near  the  geomagnetic  equator  will  hamper  making  continuous  reconstructions  of 
the  equatorial  ionosphere.  Additional  work  is  required  to  perform  the  actual  tomographic  reconstructions. 
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lutroductioii 

Total  Electron  Content  data  recorded  at  Hamilton,  MA,  over  the  last  three  solar  cycles  has  been 
analyzed  to  illustrate  short  and  long  term  effects  of  solar  activity.  In  addition,  statistics  of  TEC  variability 
over  an  entire  solar  cycle  have  been  generated  to  observe  the  average  seasonal  and  solar  cycle  dependencies  of 
this  important  parameter  of  the  F2  region. 

Information  on  the  daily,  seasonal  and  solar  cycle  variability  in  TEC  is  important  to  modem 
navigadon  and  satellite  ranging  systems  that  must  correct  for  time  delay  effects  caused  by  the  ionosphere. 

Data  base 

The  TEC  data  used  in  this  study  was  recorded  by  the  US.  Air  Weather  Service  at  Hamilton,  MA 
(42.62^,  70.8^^W).  TEC  measurements  at  this  mid-ladtude  locadon  were  made  routinely  from*  November 
1967  through  May  1992  by  observing  the  Faraday  rotation  of  linearly  polarized  VHF  radio  waves  transmitted 
from  available  satellites.  Standard  processing  of  the  data  included  converting  the  slant  path  measurements  to 
equivalent  vertical  TEC  at  the  ionospheric  intersection  (39^,  70^^).  In  addition,  efforts  to  eliminate  n-pi 
ambiguity  errors  were  made  by  using  available  foF2  values  recorded  at  Wallops  Island,  VA  (38^,  75^^. 

Variations  in  TEC  arc  essentially  controlled  by  the  F2  region  of  the  ionosphere,  where  electron 
densities  and  scale  heights  arc  the  highest.  The  primary  source  of  energy  in  the  F  region  is  the  solar  extreme 
ultraviolet  (EUV)  flux  with  wavelengths  less  than  1026  Angstroms.  Since  reliable  timft  series  of  EUV  are  not 
readily  available,  we  have  relied  upon  the  extensive,  ground  based  series  of  10.7  cm  solar  radio  flux  (F|q  7). 
measurements  as  an  index  of  solar  activity. 

Short  tenu  response  to  solar  activity 

The  short  term  fluctuations  seen  in  solar  flux  arc  caused  by  the  approximate  27  day  rotation  period 
of  the  sun.  Work  presented  by  Klobuchar  and  Doherty,  1992,  showed  that  correlations  between  daily  TEC 
and  daily  values  of  Fjg  7  were  inconsistent  with  some  months  showing  a  fair  amount  of  positive  correlation 
and  other  months  showing  poor  or  negative  correlations.  This  study  was  completed  for  seven  different 
gec^aphic  locations  during  a  solar  minimum  and  solar  maximum  year.  In  summary,  the  correlations  were 
irregular,  indicating  that  short  term  changes  in  TEC  arc  not  reflective  of  short  term  fluctuations  in  Fjq  7. 

Loug  tenu  respouse  to  solar  activity 

Recent  research  has  shown  surprising  evidence  that  TEC  saturates  at  extremely  high  levels  of  10.7 
cm  flux  (Balan  et  ai,  1993, 1994).  This  research  infers  that  the  saturation  in  TEC  is  related  to  a  similar 
saturation  between  10,7  cm  flux  and  solar  EUV  irradiances  during  intense  solar  activity.  Work  by  Hedin, 
1984,  Donnelly,  1986  and  Barth  et  al.,  1990  support  this  theory  by  showing  a  linear  relationship  between 
10,7  cm  flux  and  solar  EUV  on  a  long  term  basis  with  deviation  at  extreme  levels  of  solar  activity. 

Figure  1  summarizes  our  effort  to  support  or  dispel  TEC  saturation  at  high  levels  of  F^q  7.  In  this 
plot,  TEC  recorded  over  three  solar  cycles  was  used  with  the  exception  of  days  rfFected  by  geomagnetic 
activity.  Sudden  commencement  storms  cause  an  enhancement  in  daytime  TEC  that  lasts  for  several  hours 
This  enhancement  is  often  followed  by  depletions  in  TEC  that  may  last  for  a  couple  of  days.  In  order  to 
eliminate  all  storm  effects  from  this  study,  we  have  excluded  disturbed  days  (Ap  >  10)  and  the  day  that 
follows  a  disturbed  day.  For  the  remaining  data,  daily  averages  of  TEC  between  11  and  17  hours  local 
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were  calculated*  The  results  are  plotted  versus  daily  Fjg  7  for  each  of  tlie  three  seasons,  winter  (November 
through  February),  summer  (May  through  August)  and  equinox  (March.  April,  September  and  October). 
This  figure  clearly  illustrates  the  long  term  linear  relationship  between  TEC  and  Fjqj-  Altliough  tlierc  is 
greater  scatter  in  TEC  with  increasing  values  of  10.7  cm  flux,  strong  signs  of  saturation  are  not  apparent. 
Equinox  displays  subtle  signs  of  saturation  when  Fjq  7  exceeds  200.  Furtlier  investigation  of  the  equinox 
data  found  tliat  many  of  the  deviant  points  at  flux  values  greater  than  200  can  be  attributed  to  sets  of 
consecutive  days  in  early  September  1980  and  1981.  Early  September  is  a  period  of  transition  from  summer 
to  equinox  and  this  could  account  for  the  low  measured  values  of  TEC.  It  is  important  to  note  tlut  all 
variations  in  TEC  cannot  be  attributed  to  solar  irradiance.  Neutral  winds,  drifts,  temperature  and  chemical 
composition  also  contribute  to  TEC  variations. 
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Figure  1)  Meon  doylime  TEC  versus  doily  FI  0.7  for  all  geomognetically  quiet 
doys  from  11/67  through  12/90  meosured  ot  Homilton,  MA. 


Statistics  ofTotal  Electron  Content 

riie  statistics  of  TEC  measured  at  Ilaniiltoo.  Ma  have  also  been  produced.  Tliey  have  been 
calculated  separately  for  each  of  three  seasons  for  three  levels  of  solar  activity:  solar  maximum  represented  by 
tlic  year  1981,  solar  moderate  by  the  year  1983  and  solar  minimum  represented  by  1986.  Figure  2  presents 
the  statistics  of  local  daytime  TEC  in  the  form  of  arithmetic  probability.  In  this  type  of  display.  TEC  values 
are  plotted  versus  their  probability  ol  occurrence.  This  plot  format  displays  how  closely  the  TEC  for  each 
season  follows  a  normal  distribution,  and  at  what  percentage  it  begins  to  deviate  significantly  from  a  normal 
distribution.  This  figure  shows  that  the  seasonal  anomaly,  where  winter  daytime  is  higher  than  summer 
daytime,  is  well  developed  at  solar  maximum  but  becomes  less  visible  with  declining  solar  activity..  It  also 
shows  that  the  data  is  normally  distributed  up  to  the  99th  percentile  where  significant  departures  from  normal 
behavior  occur  at  all  levels  of  solar  activity. 

Large  departures  from  normal  conditions  are  induced  by  geomagnetically  disturbed  conditions.  If 
days  with  sudden  commencement  storms  occurring  during  the  early  afternoon  are  removed  from  the 
calculations,  these  departures  from  a  normal  distribution  disappear.  Figure  3  illustrates  this  effect  All 
conditions  are  the  same  as  in  figure  2.  however,  all  days  with  large  positive  phase  enhnnrffmpnt^  from  storm 
effects  have  been  removed.  These  excluded  days  are  few  in  number  and  are  listed  in  the  figures. 

Figure  4  contains  the  results  for  nighttime  conditions.  The  basic  findings  are  that  the  g»mmpr 
nighttime  TEC  is  higher  than  winter  during  solar  maximum  and  moderate  conditions.  During  solar 
minimum,  nighttime  TEC  values  for  all  seasons  are  about  the  same.  The  nighttimft  statistics  illustrate  that 
the  data  is  approximately  normally  distributed,  with  no  significant  departures  from  normal  behavior. 
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Conclusions 


Short  term  changes  in  TEC  are  not  well  correlated  with  short  term  changes  in  Fiqj.  Long  term 
changes  in  TEC,  however,  are  apparently  correlated  with  solar  cycle  variations  in  F^g  7.  The  existence  of 
saturation  of  TEC  with  high  levels  of  solar  flux  is  obscure,  at  least  at  this  mid-latitude  location. 

The  statistics  of  TEC  measured  at  mid-latitude  during  all  seasons,  limes  of  day  and  levels  of  solar 
activity  are  approximately  normally  distributed,  at  least  over  much  of  the  distribution  curve.  Day  to  day  and 
seasonal  variability  are  much  more  apparent  at  higher  levels  of  solar  activity.  Large  departures  from  nonnal 
behavior  are  likely  due  to  magnetic  storm  activity. 
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Figure  2)  Statistics  of  local  daytime  TEC  ot  Hamilton,  MA  for  3  levels  of  solor 
activity. 
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Figure  3)  Statistics  of  local  daytime  TEC  at  Homilton,  MA  for  3  levels  of  solor 
oclivlty  during  magnetically  quiet  doys- 
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ABSTRACT 

At  low  latitudes  a  number  of  comparisons  between  the  International  Reference  Ionosphere  (IRI90)  model 
of  F-region  electron  density  profiles  with  observed  profiles  measured  by  the  Jicamarca  incoherent  scatter  radar 
indicate  that  during  the  daytime,  the  observed  profile  shape  is  much  broader  in  altitude  than  that  specified  by 
IRI90  while  at  night,  just  after  sunset,  observed  F^-pecik  altitudes  are  significcintly  higher.  This  is  especially  true 
during  periods  of  high  solar  activity.  The  theoretically-derived  ionospheric  parameters  such  as  Fh-pealc  density 
{^771^2)^  F2-peak  altitude(/i,n^2))  aJQ.d  profile  shape  which  are  contained  in  the  Parameterized  Ionospheric 
Model  (PIM)  have  been  shown  to  be  in  better  agreement  with  Jicamarca  observations.  This  paper  describes 
an  attempt  to  improve  IRI90  at  low  latitudes  by  using  five  ionospheric  parameters  derived  from  PIM:  the 
bottomside  profile  half  thickness,  NmF27  and  2  parameters  of  a  topside  Chapman  profile.  The  generation 

of  electron  density  profiles  using  these  five  parameters  will  be  presented  as  well  as  a  description  of  how  these 
expressions  might  be  implemented  into  the  IRI90  model. 

INTRODUCTION 

The  International  Reference  Ionosphere  Model  (IRI90)  is  a  global,  climatological  model  which  specifies 
ionospheric  electron  density  profiles  above  80  km  representing  monthly  or  ’’average”  electron  densities  based 
on  past  ground-based,  rocket  and  satellite  observations[BtKfza,  1990].  The  model,  therefore,  is  only  as  good  as 
the  available  observations.  Becaxise  most  of  the  data  was  obtained  from  ground  based  ionospheric  sounders, 
there  is  a  lack  of  observations  from  the  low  latitude  region,  from  the  high  latitudes/polar  cap  and  from  the 
ocean  areas.  Given  that  most  of  the  database  comes  firom  midlatitude  stations,  it  is  expected  and  reassuring 
to  find  that  IRI90  does  an  excellent  job  of  specifying  this  region’s  climatology.  However,  there  is  considerable 
evidence  from  past  comparisons  with  both  data  and  theoretical  modeling  results,  that  the  low  latitude  portion 
of  IRI90  is  not  very  realistic  in  specifying  the  main  ionospheric  features.  In  this  paper  we  propose  an  approach 
that  uses  theoretical  modeling  results  to  improve  IRI90’s  specification  of  the  low  latitude  ionosphere. 

OBSERVATIONS 

In  Figure  1,  we  present  an  example  of  an  electron  density  profile  observed  by  the  Jicamarca  incoherent 
scatter  radar  which  is  located  near  the  magnetic  equator  in  Peru.  Also  included  in  the  plot  are  IRI90  profiles. 
At  1200  local  time  the  observed  profile  has  a  broad  shape  that  is  typical  of  the  daytime  profile  shape  seen  in  the 
equatorial  region  during  solar  maximum  conditions.  On  the  other  hand,  IRI90  has  a  shape  more  characteristic 
of  midlatitudes  and  fails  to  reproduce  this  broad  profile  shape.  Later  in  the  day,  at  1900  local  time  the  observed 
layer  has  now  been  lifted  to  much  higher  altitudes  due  mostly  to  the  enhanced  post  sunset  E  x  B  upward  drift. 
This  again  is  a  characteristic  feature  of  the  equatorial  region  especially  during  solar  maximum  periods  and 
again  is  a  feature  that  we  see  is  not  reproduced  by  IRI90. 

The  broad  shape  of  the  daytime  profiles  and  the  post  simset  lifting  of  the  layer  are  not  rare  events.  They 
occur  regularly  and  can  be  seen  in  averaged  data  as  is  evident  in  Figure  2  which  is  adapted  from  Creamer 
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Figure  1:  Comparison  of  measured  profiles  and  IRI90  profiles  for  (a)  1200  and  (b)  1900 
LT.  The  solid  curves  are  the  observations  and  dashed  curves  are  IRI90. 

[1992].  In  Figure  2,  we  show  the  hourly  average  data  from  several  years  of  Jicamarca  observations  for  maximtim 


(a)  Dec.  solstice  (b)  Equinox  (c)  June  solstice 
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Figure  2:  Hourly  variations  in  metisiured  electron  density  profiles  for  (a)  December 
solstice,  (b)  equinox,  and  (c)  June  solstice,  solar  maximum  conditions.  The  solid  curve 
is  2000  LT,  the  long  dashed  curve  is  1200  LT,  and  the  short  dashed  curve  is  0400  LT. 

solar  fiux  conditions.  We  see  that  the  broad  daytime  profiles  are  evident  in  all  three  seasons,  while  the  post 
sunset  lifting  appears  just  at  December  solstice  and  Equinox.  Similar  features  are  seen  for  moderate  solar  flux 
conditions  but  not  for  solar  minimum  conditions. 
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Figure  3:  Electron  density  proflles  observed  by  Kwajalein  incoherent  scatter  radar. 
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Similar  features  are  also  evident  in  other  longitude  sectors.  In  Figure  3,  we  present  profiles  observed  by  the 
Kwajalein  incoherent  scatter  radar  located  near  the  equator  in  the  Pacific  sector.  On  the  left  is  an  profile  from 
the  early  morning  before  upward  E  x  B  drift  has  acted  to  broaden  the  peak,  while  on  the  right  we  see  later  in 
the  day  the  characteristic  broad  layer  of  the  low  latitude  daytime  that  results  from  the  daytime  upward  E  x 
B  drift. 


THEORETICAL  MODELING 

Over  the  last  three  decades,  there  have  been  many  theoretical  studies  of  the  equatorial  F2  region  and 
a  number  of  computer  models  have  been  developed  that  reproduce  the  basic  features  of  this  region.  Most 
recently,  these  models  have  evolved  to  the  point  that  given  realistic  inputs  for  a  particular  day  they  are  capable 
of  reproducing  the  ionosphere  of  that  day[Pre6/e,  et  al^  1994].  One  such  model  is  the  Phillips  Laboratory  Global 
Theoretical  Ionospheric  Model  (GTIM)  which  calculates  electron  density  profiles  as  a  function  of  location  and 
time  by  solving  ion  continuity  and  momentum  equations.  In  Figure  4,  we  present  vertical  profiles  for  1200  and 
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Figure  4:  Comparisons  of  measured  and  calculated  profiles  for  (a)  1200  and  (b)  1900 
LT.  The  solid  curves  are  the  observations,  the  short  dashes  are  calculations  that  used 
observed  drifts,  and  the  long  dashes  are  the  calculations  using  zero  drifts. 


1900  LT  from  a  GTIM  simulation  of  October  1  and  2,  1970.  We  also  include  Jicamarca  observations  taken  at 
those  times.  We  see  that  when  the  observed  upward  E  x  B  drift  is  used  as  an  input  to  the  model  that  the 
agreement  between  model  and  observation  is  excellent.  Further  we  see  that  the  model  reproduces  both  the 
broad  profile  shape  of  the  daytime  and  the  lifting  of  the  F2  layer  during  the  post  sunset  period.  The  additional 
curves  illustrate  the  sensitivity  of  these  characteristics  to  the  magnitude  of  the  E  x  B  upward  drift. 

Recently,  a  computationally  fast  Parameterized  Ionospheric  Model  (PIM)  was  developed  at  the  Phillips 
Laboratory  Geophysics  Directorate  as  part  of  a  global,  real-time  ionospheric  specification  model  soon-to-be 
operational  at  the  Air  Force  50*^  Weather  Squadron  (SOWS)  in  Colorado  Springs [Danze/Z  et  al,  1995].  PIM  is 
based  on  many  runs  of  several  physical  ionospheric  models  and  as  such  is  a  global  ionospheric  model  b2Lsed  on 
theoretical  climatology  rather  than  empirical  climatology.  For  the  low  latitudes,  GTIM  was  nm  under  three 
solar  cycle  conditions  (low,  middle,  and  high  F10.7  cm  flux  values)  and  three  seasons  (Fall  /Spring  equinox, 
s^mer  and  winter  solstice  periods)  for  four  longitude  sectors  (American,  Brazilian,  Europe/Indian,  and  Pa¬ 
cific)  .  Electron  density  profiles  every  2°  latitude  and  every  hour  loccJ  time  were  parameterized  by  9  Empirical 
Orthonormal  Functions  (EOFs).  At  low  and  mid  latitudes  these  EOFs  were  malytically  fit  in  latitude  and  kept 
in  tabular  form  over  the  24  hour  period.  These  tables  and  functions  comprise  the  low  latitude  portion  of  PIM 
and  reproduce  very  accurately  the  electron  density  profiles  generated  by  GTIM. 

Given  the  success  of  theoretical  models  in  reproducing  the  basic  features  of  low  latitude  we  would  expect 
that,  in  contrast  to  111190,  PIM  should  likewise  reproduce  those  features.  In  Figures  5-7  we  illustrate  the 
contrast  between  PIM  and  IRI90.  In  Figure  5,  we  directly  compare  PIM  and  IRI  profiles  at  1700  UT  in  the 
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Figure  5:  Electron  density  from  PIM  and  IRI  for  1700  UT  (1200  LT)  under  solar 
maximum  conditions  on  Day  100. 


Jicamarca  longitude  meridian.  The  local  time  is  around  1200  and  we  see  that  PIM  produces  a  much  broader  F 
layer  than  does  IRI90,  The  most  dramatic  differences  are  seen  within  about  10  degrees  of  the  magnetic  equator. 
In  Figure  6,  it  is  /iTn^2  that  is  compared  over  the  entire  globe  at  0  UT  and  we  see  that  lairgest  differences  between 
PIM  and  IRI90  are  confined  to  the  post  sunset  period  near  the  magnetic  equator.  The  topside  half  thicknesses 
are  compared  in  Figure  7  and  here  a  sizable  difference  is  seen  near  the  magnetic  equator  but  extended  over 
180®  in  longitude.  This  also  points  out  how  the  differences  in  thickness  are  not  confined  to  just  one  longitude 
sector.  In  Figure  5,  a  clear  difference  in  layer  thickness  was  seen  in  the  American  sector  at  1700  UT.  At  1200 
UT,  this  difference  is  seen  in  the  Europe/Indian  sector. 

PROPOSED  IMPROVEMENT  TO  IRI90:  PIM  OPTION 

In  describing  the  electron  density  profile  (EDP)  from  100  to  1000  km,  IRI90  uses  six  subregions:  the  topside, 
the  F2-bottomside,  the  Fi  layer,  the  intermediate  region,  the  E- valley,  the  E-bottomside,  and  the  D-region. 
The  shortcomings  described  in  this  paper  have  involved  the  topside  and  F2’bottomside  regions,  and  it  is  these 
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Figure  6:  /im-Pb  from  PIM  and  IRI  for  0  UT  under  solar  maximum  conditions  on  Day 
100. 

regions  we  propose  to  improve  by  developing  a  PIM  option  to  IRI.  The  present  IRI90  normalizes  both  the 
topside  and  the  p2-bottomside  to  the  F2-peak  density  and  altitude(/i„F2).  The  F2  peak  density  come 

from  either  the  CCIR  or  URSI  coefficient  sets  that  derive  from  Fourier  and  spherical  expansions  of  ionosonde 
data.  Likewise  there  are  CCIR  coefficients  of  M(3000)  which  are  used  to  infer  hraF^.  The  topside  proffle  shape 
comes  from  analytic  fits  of  the  Bent  sounder  da.ta.[LleweUyn  and  Bent,  1973].  The  fits  are  done  using  Epstein 
functions  which  can  be  used  to  define  a  Booker  function.  The  Booker  function  used  in  IRI90  consists  of  3 
layers  and  it  uses  8  parameters  to  define  the  profile.  Five  of  the  parameters  are  fixed  and  the  other  three  are 
given  as  funrtions  of  geomagnetic  latitude,  solar  flux,  and  /0F2  .  (This  profile  can  be  described  in  terms  of  the 
LAY  formalism  [BUitza  and  Rawer,  1990].)  The  bottomside  is  given  by  a  fairly  simple  function  which  uses  a 
thickness  parameter.  The  present  IRI90  either  looks  up  this  parameter  or  calculates  from  a  half  thickness  from 
Gulyaeva.  The  PIM  option  would  involve  using  PIM  values  for  and  bottomside  half  thickness 

directly  in  M.  To  use  the  topside  from  PIM  in  IRI  will  require  either  fitting  Booker  fimctions  to  PIM  profiles 
or  fitting  with  some  other  function  that  would  then  have  to  be  incorporated  into  IRI. 

Presently,  IRI90  allows  the  inputing  of  a  NmF2  and  /inr-Pb  chosen  by  the  user.  To  input  a  bottomside  half 
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Figure  7:  Topside  half  thickness  from  PIM  and  IRI  for  1200  UT  under  solar  maximum 

conditions  on  Day  100. 

thickness  chosen  by  the  user  requires  modifications  of  the  IRI  driver  routine  such  that  a  user-specified  thickness 
can  be  accepted  and  substituted  for  the  Gulyaeva  thickness.  For  the  topside,  we  have  explored  one  possibility 
by  fitting  topside  PIM  profiles  with  2-paraineter  Chapman  profiles.  The  IRI  driver  was  modified  to  accept 
these  two  parameters  and  a  routine  was  added  to  IRI  to  calculate  the  topside  profile  using  a  Chapman  profile 
rather  than  a  Booker  function.  Overctll,  the  examples  in  this  paper  required  only  20  lines  of  new  code  to  IRI90. 
Examples  of  how  well  IRI  can  reproduce  PIM  profiles  using  the  5  PIM  parameters  are  given  in  Figures  8  -  11. 
In  Figxire  Sa,  we  present  the  standard  IRI90  (solid  curve)  and  PIM  (dotted  curve)  profiles  for  1700  LT  at  the 
magnetic  equator  in  the  American  sector  for  solar  maximum  conditions.  We  see  a  slight  difference  in  the  F2 
peak  parameters  and  a  dramatic  difference  in  the  profile  shapes.  Figure  8b  shows  PIM  compared  with  IRI90 
using  NfnF2  3^d  /im^2  supplied  by  PIM.  When  the  PIM  bottomside  half  thickness  is  used  by  IRI90,  we  see  in 
Figure  9a  that  IRI90  now  reproduces  well  the  lower  F  region  of  PIM.  Finally  in  Figure  9b,  the  topside  PIM 
profiles  are  also  used  by  IRI90  and  we  see  that  the  full  PIM  option  does  a  reasonable  job  at  reproducing  the 
original  PIM  F  region.  Figures  10  and  11  demonstrate  the  same  sequence  but  for  2000  LT  when  PIM  has  an 
F2  layer  up  around  700  km.  Again  we  see  that  supplying  the  five  PIM  parameters  to  IRI90  does  a  good  job  in 
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Figure  8:  Comparisons  at  1700  LT  of  IRI90  and  PIM  profiles  for  (a)  standaird  IRI  and 
(b)  mi  using  PIM  F2  peak  prameters.  Solid  curves  are  IRI90  and  dashed  curves  are 
PIM. 
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Figure  9:  Comparisons  at  1700  LT  of  IRI90  and  PIM  profiles  for  (a)  IRI  using  PIM  F2 
peak  parameters  and  bottomside  half  thickness  and  (b)  IRI  using  all  five  PIM  parame¬ 
ters.  Solid  curves  are  IRI90  and  dashed  curves  are  PIM, 


reproducing  the  original  PIM  F  region  profile. 

The  next  step  in  developing  a  global  PIM  option  will  be  to  determine  the  5  PIM  psurameters  over  the 
globe  under  various  geophysicad  conditions.  It  is  expected  that  the  resultant  database  of  parameters  will  then 
have  to  be  condensed  to  a  convenient  size.  One  possibility  would  be  to  fit  the  5  PIM  parameters  to  analytic 
functions  in  the  same  way  as  was  done  with  the  F2  peak  paraimeters  derived  from  ionosonde  data  (CCIR  or 
URSI  coefiS-cients).  Whether  this  is  feaisible  approach  will  require  further  work.  Finally,  while  the  focus  in  this 
paper  is  on  low  latitudes,  it  would  seem  that  given  the  fact  that  high  latitude  modifications  are  being  considered 
for  mi  it  would  be  best  to  develop  a  global  PIM  option  for  IRI.  This  would  avoid  the  problem  of  attempting 
to  merge  a  PIM  option  in  one  region  with  standard  IRI  in  other  regions, 

SUMMARY 

At  present,  there  are  clear  shortcomings  in  IRI90’s  description  of  the  low  latitude  ionosphere.  On  the  other 
hand,  PIM  contains  many  of  the  low  latitude  features  that  are  not  reproduced  by  IRI90.  The  present  version 
of  IRI90  is  designed  to  accept  and  /itnFb  from  outside  sources.  Thus  it  would  be  strsdghtforward  to 

develop  a  PIM  option  for  these  parameters  in  IRI90.  Similarly,  an  external  bottomside  half  thickness  could 
easily  be  incorporated  into  IRI90  given  the  manner  in  which  IRI90  presently  defines  its  bottomside  F  region. 
Unfort xmately,  the  parameter  which  is  most  in  need  of  modification  is  the  topside  half  thickness.  Here  there 
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Figure  10:  Comparisons  at  2000  LT  of  IRI90  and  PIM  profiles  for  (a)  standard  ERI  and 
(b)  nil  using  PIM  F2  peztk  prameters.  Solid  curves  are  IRI90  and  dashed  curves  are 
PIM. 


density  (001“^) 


Figure  11:  Comparisons  at  2000  LT  of  IRI90  and  PIM  profiles  for  (a)  IRI  using  PIM  F2 
peaJc  parameters  and  bottomside  half  thickness  and  (b)  IRI  iising  all  five  PIM  parame¬ 
ters.  Solid  curves  are  IRI90  and  dashed  curves  are  PIM. 


is  no  trivial  way  of  incorporating  a  thickness  from  another  source  such  as  PIM  into  the  present  IRI.  However, 
a  fairly  minor  modification  is  possible  that  would  use  a  2  parameter  Chapman  profile  rather  than  the  Booker 
functions.  If  use  of  the  Booker  functions  is  desired  then  such  functions  would  have  to  be  fit  to  PIM  profiles. 
Presently,  we  are  pursuing  the  option  that  uses  the  Chapman  profile  cind  cire  developing  representations  of  the 
5  PIM  parameters  as  functions  of  latitude,  longitude,  local  time,  solar  cycle,  season,  and  geomagnetic  activity. 
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ABSTRACT 

Navigation  and  positioning  using  the  FAA’s  GPS  Wide-Area  Augmentation  Sys¬ 
tem  (WAAS)  with  single-frequency  receivers  suffers  potentially  from  the  unknown 
spatial  variability  of  ionospheric  range  delays  (e.g.,  spatial  gradients  in  ionospheric 
delays)  between  ground  locations  where  dual-frequency  measurements  from  GPS 
satellites  are  being  made.  By  deploying  a  sufficient  number  of  dual-frequency  GPS 
code  and/or  codeless  reference  receivers,  it  is  possible  to  correct  for  most  of  the 
ionospheric  range  delay  in  a  given  large  region  using  WAAS  real-time  predic¬ 
tion  algorithms. 

The  statistics  of  differences  in  range  delay  over  station  separations  from  approxi¬ 
mately  350  km  to  over  1,600  km  are  presented,  using  ionospheric  data  collected 
from  a  number  of  stations  in  North  America.  The  resxilts  illiistrate  large  ionospheric 
gradients  during  periods  of  high  magnetic  activity.  Fortunately,  these  events  are 
infrequent.  For  the  midlatitudes,  the  accuracy  goal  is  to  keep  ionospheric  range 
delays  to  only  a  few  meters  for  at  least  99  i>ercent  of  the  time  so  that  WAAS  can 
be  used  in  precision  approaches.  To  illustrate  the  possibility  of  achieving  this  goal, 
statistics  of  estimation  errors  in  ionospheric  range  delay  using  this  data  set  are 
also  presented. 

INTRODUCTION 

One  of  the  potential  limitations  of  the  FAA’s  GPS  Wide-Area  Augmentation 
System  (WAAS)  is  the  differential  ionospheric  range  delay  over  the  area  of 
visibility  of  various  GPS  satellites  used  in  determining  range  and  velocity 
(range-rate).  There  has  been  little  previous  work  in  determining  the  correlation 
distance  of  differences  in  ionospheric  time  delay,  which  is  proportional  to  the 
total  electron  content  (TEC)  of  the  ionosphere.  In  [1],  ionospheric  range  error 
is  inferred  from  Faraday  rotation  measurements  of  VHF  signals  of  opportunity 
transmitted  from  various  geostationary  satellites  for  determination  of  the  corre¬ 
lation  between  pairs  of  stations  located  in  the  northern  midlatitudes.  The 
results  in  [1]  show  that  the  correlation  coefficient  between  differences  from 
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seasonal  average  daytime  values  at  pairs  of  stations  fell  to  a  value  of  0.7  for 
stations  separated  by  approximately  1,800  km  in  the  north-south  direction, 
and  approximately  3,000  km  for  stations  located  along  the  east- west  direction. 
Little  difference  in  the  correlation  distance  was  found  with  season.  In  [1]  it  is 
pointed  out  that  a  correlation  value  of  0.70  explains  only  28  percent  of  the 
variability  in  the  differences  from  mean  conditions  at  one  station  with  respect 
to  the  second  station.  The  minimum  distance  used  in  [1]  is  approximately 
1,000  km  in  the  north-south  direction  and  1,600  km  in  the  east-west  direction. 
These  results  represent  essentially  all  that  was  known  on  the  statistical  behav¬ 
ior  of  ionospheric  range  error  between  pairs  of  stations .  Recently,  the  correlation 
coefficient  was  foimd  between  ionospheric  pierce  points  when  observing  differ¬ 
ent  pairs  of  GPS  satellites  from  a  single  observing  station  during  a  4  week 
period  in  1989  [2].  This  limited  data  set  provides  a  correlation  coefficient  of 
0.91  for  a  1,000  km  separation  of  ionospheric  pierce  points  observed  from  a 
single  station  located  in  Austin,  Texas.  A  lower  correlation  coefficient,  similar 
to  the  results  of  [1]  was  found  using  equivalent  ionospheric  pierce  points  aligned 
with  latitude,  rather  than  longitude. 

The  results  of  [1]  and  [2]  do  not  directly  answer  the  pertinent  question  of 
ionospheric  limitations  on  WAAS,  namely:  “Given  a  set  of  ionospheric  range 
delays  to  various  GPS  satellites  measured  at  a  few  stations,  what  are  the 
corresponding  ionospheric  range  delays  for  locations  at  var3dng  distances  from 
those  observing  stations?”  Accordingly,  in  the  late  spring  of  1992,  the  FAA,  The 
MITRE  Corporation  (the  Center  for  Advanced  Aviation  System  Development 
[CAASD]),  and  Air  Force  Phillips  Laboratory  began  a  series  of  measurements 
of  ionospheric  range  delay  by  monitoring  both  the  dual-frequency  differential 
group  delay  and  the  differential  carrier  phase  of  GPS  satellites  at  a  number 
of  stations  located  on  the  East  Coast  of  the  United  States.  The  objective  was 
to  determine  the  statistics  of  the  differences  in  range  error  for  station  pairs 
having  different  separations.  To  further  examine  the  ionospheric  limitations 
to  WAAS,  statistics  of  errors  m  estimating  ionospheric  range  delay  were  also 
computed.  These  estimation  errors  are  the  resiilt  of  the  differences  between 
measured  range  delays  and  range  delays  that  were  estimated  in  a  linear  regres¬ 
sion  technique.  Unfortimately,  these  GPS  ionospheric  range  delay  measure¬ 
ments  were  taken  approximately  one-half  way  down  the  current  11  year  solar 
activity  cycle.  Absolute  values  of  ionospheric  range  delays  are  known  to  vary 
with  long-term  solar  cycle  activity.  Since  GPS  ionospheric  range  delay  data 
during  a  period  of  solar  maximum  activity  was  not  available,  Faraday  rotation 
data  recorded  during  the  1981  solar  maximum  period  was  used  to  illustrate 
the  same  statistics  during  solar  maximum.  These  solar  maximum  statistics 
illustrate  worst-case  ionospheric  range  delay  conditions  in  the  Continental 
United  States  (CONUS). 

The  final  result  of  this  overall  ionospheric  range  delay  estimation  study 
will  be  the  representation  of  the  real-time  ionospheric  vertical  delay  over  the 
extended  CONUS  region,  specified  at  nodes  of  a  5  x  5  deg  grid  on  the  iono¬ 
spheric  sphere,  updated  continually  by  ionospheric  measurements  at  various 
stations  located  in  CONUS  [3] .  One  of  the  major  issues  in  WAAS  is  the  number 
of  ionospheric  monitoring  stations  required  to  represent  the  ionospheric  range 
delay  between  stations  to  within  a  specific  error  bound  for  a  given  percentage 
of  time.  Here,  we  present  ionospheric  range  delay  only.  The  conversion  of  range 
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delay  to  3-D  position  error  has  been  discussed  in  [4].  This  paper  reports  the 
results  of  measurements  designed  to  obtain  the  statistics  on  the  required  sta¬ 
tion  spacing  for  real-time  ionospheric  measurements.  The  results  of  this  paper 
are  representative  of  a  lower  error  bound  on  any  real-time  prediction  algorithm 
for  WAAS. 

EXPERIMENTAL  CONFIGURATION  AND  DATA  REDUCTION 

A  number  of  dual-frequency  GPS  receivers  were  set  up  in  the  eastern  United 
States  to  directly  measure  ionospheric  range  delay.  The  receivers  used  were  the 
four-channel,  dual-frequency  Allen  Osborne  Associates  Mini-Rogue  Ionospheric 
calibration  receiver  and  an  eight-channel  version  of  the  same  receiver.  All  of 
the  receivers  were  internally  calibrated  prior  to  the  experiment.  The  locations 
of  the  GPS  receiving  sites  are  given  in  Table  1,  and  the  distances  between 
station  pairs  discussed  are  shown  in  Table  2. 

The  1981  solar  maximum  Faraday  rotation  data  was  taken  by  monitoring 
polarization  changes  in  VHF  transmissions  from  geostationary  satellites  of 
opportumty.  For  these  observations,  the  important  locations  are  the  ionospheric 
pierce  points  looking  towards  the  geostationary  satellite.  Those  locations  for 
the  1981  solar  maximum  study  are  shown  in  Table  3,  and  the  distances  between 
station  pairs  are  given  in  Table  4. 


Table  1- 

—Locations  of  GPS  Receiving  Sites 

Station 

Latitude  (deg,  min) 

Longitude  (deg,  min) 

Oldtown,  ME 

44" 

57'  North 

68" 

40'  West 

Hanscom  AFB,  MA 

42" 

27' 

71" 

16' 

Atlantic  City,  NJ 

39" 

27' 

74" 

34' 

Dayton  Airport,  OH 

39" 

54' 

84" 

13' 

Georgetown,  SC 

33" 

19' 

79" 

19' 

Table  2- 

—Distances  Between  Station  Pairs 

Station  Pairs 

Distance  (km) 

ME-MA 

348 

MA-NJ 

434 

NJ-E 

782 

NJ-C 

805 

NJ-OH 

828 

MA-OH 

1,120 

MA-SC 

1,238 

ME-OH 

1,393 

ME-SC 

1,586 

Table  3— Ionospheric  Pierce  Points  for  Faraday  Measurements 

Station 

Latitude  (deg,  min) 

Longitude  (deg,  min) 

Goose  Bay,  Labrador 

47" 

30'  North 

62" 

12'  West 

Hamilton,  MA 

38" 

42' 

70" 

42' 

Kennedy  Space  Center,  FL 

26" 

18' 

79" 

36' 

Ramey,  PR 

17" 

06' 

67" 

24' 
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Table  4 — Distances  Between  Station  Pairs 


Station  Pairs 

Distance  (km) 

GB-HAM 

1,197 

HAM-KSC 

1,612 

KSC-RAMEY 

1,623 

HAM-RAMEY 

2,426 

GB-KSC 

2,809 

GB-RAMEY 

3,417 

The  ionospheric  pierce  points  of  the  Faraday  rotation  observations  and  the 
stations  monitoring  GPS  signals  are  shown  in  Figure  1.  The  distances  between 
the  Faraday  rotation  pierce  points  are  much  too  large  for  consideration  for 
potential  CONUS  GPS  ionospheric  monitoring  stations,  but  they  probably  do 
represent  worst-case  station  spacing,  and  the  fact  that  the  data  was  already 
available  for  a  period  of  very  high  solar  activity  made  it  worth  including  in 
the  present  study. 

Absolute  values  of  the  slant  ionospheric  range  delays  were  determined  from 
the  GPS  measurements  by  using  the  standard  technique  initially  suggested 
in  [5],  in  which  the  absolute,  but  noisy,  measurements  of  differential  group 
delay  are  used  only  to  fit  precise  relative  differential  carrier  phase  to  an  absolute 
range  delay  scale.  This  fitting  procedure  was  done  only  over  the  higher-eleva¬ 
tion  portions  of  each  GPS  satellite  pass  from  each  station  to  minimize  the 
potential  effects  of  multipath  on  the  absolute  range  delay  determined  from  the 


Fig.  1 — Map  of  GPS  Ionospheric  Monitoring  Stations  and  Ionospheric 
Pierce  Points  for  Faraday  Rotation  Measurements 
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differential  group  delay.  In  practice,  multipath  is  not  a  significant  problem 
unless  only  the  initial  verydow-elevation-angle  differential  group  delay  data 
is  used  in  this  fitting  procedure,  and  the  multipath  environment  is  poor. 

Any  potential  errors  in  the  differential  group  delay  of  each  GPS  satellite’s 
10.23  MHz  P-code  LI  and  L2  transmissions  (see  [6]  for  a  summary  of  those 
problems)  could  be  neglected,  as  only  differential  range  delays  viewing  the 
same  GPS  satellite  at  pairs  of  stations  were  used  in  the  analysis,  and  each 
satellite  bias  was  common  to  both  stations. 

DATA  PRESENTATION  METHOD 

The  statistics  of  ionospheric  range  delay  presented  in  this  paper  were  com¬ 
puted  and  plotted  separately  for  each  of  three  seasons:  summer  (May  through 
August),  winter  (November  through  February),  and  the  combined  equinoxes 
(March,  April,  September,  and  October).  The  data  was  further  separated  into 
morning,  daytime,  evening,  and  nighttime  hours  local  time.  Only  the  daytime 
range  delays  are  shown  in  this  paper,  as  they  represent  higher  absolute  values 
than  the  nighttime  data.  The  absolute  ionospheric  range  delay  values  at  a 
single  station,  as  well  as  the  differences  between  values  at  pairs  of  stations 
and  errors  in  estimated  range  delays  at  individual  stations,  were  then  plotted 
against  their  cumulative  probability.  The  resulting  plots  indicate  the  percent¬ 
age  of  occurrences  below  and  above  certain  probability  values  that  can  be 
seen  easily. 

The  figures  were  plotted  versus  a  probability  scale  on  the  x-axis,  so  that  a 
straight  line  on  the  figure  represents  a  Gaussian  distribution.  The  slope  of  the 
line  is  then  a  measure  of  the  standard  deviation  of  the  data.  Departures  from 
a  straight  line  are  simply  departures  from  a  “normal’’  or  Gaussian  distribution* 
This  form  of  plot  is  an  excellent  method  for  examining  the  statistics  of  the 
distribution  of  this  data  set. 

ABSOLUTE  IONOSPHERIC  RANGE  DELAY  AT  A  SINGLE  STATION 

Figure  2  shows  the  statistics  of  equivalent  vertical  ionospheric  range  delay 
for  a  single  station  during  the  daytime  hours  of  the  three  seasons  of  the  solar 
maximum  year  of  1981  for  Hamilton,  Massachusetts.  Note  that  the  equinox 
season  shown  in  Figure  2  has  a  large  departure  from  a  normal  curve  above 
the  approximate  99  percent  probability  point.  Reasons  for  this  are  discussed 
below  in  the  section  on  geomagnetic  storm  effects  on  the  ionosphere. 

Figure  2  shows  that  the  median  vertical  ionospheric  range  delay  is  approxi¬ 
mately  10  m  for  the  winter  and  equinox  seasons,  but  only  5  m  for  the  summer 
season.  For  99  percent  of  the  time,  the  vertical  delay  is  less  than  15  m  in  the 
winter  and  equinox  seasons.  The  99  percent  probability  value  is  approximately 
10  m  for  the  summer  season.  For  GPS  satellites  viewed  at  5  deg  elevation,  the 
vertical  delays  shown  in  Figure  2  must  be  multiplied  by  a  factor  of  approxi¬ 
mately  3.  Existing  models  can  correct  for  the  median  ionospheric  range  delay 
to  within  ^  ±  10  precent,  but  the  day-to-day  variability  about  the  monthly 
median  cannot  be  modeled.  Thus,  real-time  ionospheric  measurements  must 
be  made  to  correct  for  this  unknown  day-to-day  ionospheric  variability  about 
the  monthly  median  conditions. 
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Fig.  2—IorwsplKric  Range  Delay  Statistics  from  Faraday  Rotation  Measurements  Made  at 
tiamUton,  MA  During  the  Solar  Maximum  Year  1981 


Fipre  3  shows  similar  ionospheric  slant  range  delay  statistics  obtained  by 
monitoring  GPS  satellites  from  Hanscom  AFB  during  the  1992-93  time  period. 
Since  the  GPS  observations  were  obtained  at  all  elevation  angles  from  approxi¬ 
mately  5  deg  to  overhead,  the  median,  1,  5,  95,  and  99  percent  probabilities 
are  shown  as  a  function  of  elevation  angle.  Note  that  the  median  delays  at 
near-vertic^  elevation  angles  are  smaller  by  an  approximate  factor  of  2,  as 
compared  with  those  shovra  in  Figure  2.  This  is  due  to  the  lower  solar  ultraviolet 
activity  in  1992—93  as  compared  with  1981.  The  GPS  data  has  not  been  con¬ 
verted  to  equivalent  vertical  range  delays,  nor  have  the  individual  GPS  satellite 
group  delay  offsets  been  taken  into  account.  The  variation  of  range  delay  with 
elevation  angle  seen  in  Figure  3  follows  approximately  the  secant  of  the  zenith 
angle  at  an  average  ionospheric  height  of  350-400  km. 

DATA  COMPARISONS  BETWEEN  STATION  PAIRS 

The  important  parameter  in  this  study  is  the  difference  in  range  delays  as 
a  function  of  distance.  Thus,  differences  in  the  received  absolute  range  delay 
from  different  stations  viewing  the  same  GPS  satellites  were  computed.  Pairs 
of  pierce  points  using  common  GPS  satellites  were  chosen  in  order  to  keep  the 
dist^ce  between  the  ionospheric  pierce  points  approximately  the  same  as  the 
station  spacing,  since  the  viewing  angles  to  the  satellites  are  nearly  parallel 
for  stations  spaced  within  the  region  of  our  experimental  work.  For  the  Faraday 
rotation  data,  obtained  from  monitoring  VHF  signals  of  opportunity  from  geo¬ 
stationary  satellites,  the  viewing  directions  were  essentially  constant,  as  was 
the  distance  between  pairs  of  ionospheric  pierce  jxiints. 

Tlie  Faraday  rotation  data  is  of  interest  mainly  because  it  is  from  a  high  solar 
activity  period,  and  should  represent  near-worst-case  midlatitude  ionospheric 
range  delay  data  for  relatively  large  station  separations.  Figure  4  illustrates  the 
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residual  equivalent  vertical  range  delays  between  the  Hamilton,  Massachusetts 
ionospheric  pierce  point  and  the  Goose  Bay,  Labrador  ionospheric  pierce  point 
for  the  three  seasons  in  1981.  The  separation  between  these  two  ionospheric 
pierce  points  is  approximately  1,200  km.  Note  that  the  median  residual  vertical 
range  delay  is  less  than  1  m  for  all  three  seasons  of  1981.  The  ionospheric 
vertical  range  delay  differences  at  the  1  percent  cumulative  probability  point 
are  less  than  -“3  m  for  all  seasons,  but  above  the  99  percent  point  they  are 
greater  than  +4  to  -1-7  m,  depending  upon  the  season.  At  the  99.9  percent 
point,  the  differences  are  much  greater  for  the  1981  equinox  season.  The  reason 
for  this  large  departure  from  a  near-normal  distribution  above  the  99  percent 
cumulative  probability  point  is  described  below  in  the  section  on  geomagnetic 
storm  effects. 

Figure  5  shows  the  cumulative  probability  of  differences  in  vertical  iono¬ 
spheric  range  delay,  in  meters,  for  the  Hamilton,  Massachusetts  and  Keimedy 
Space  Center,  Florida  pair  of  ionospheric  pierce  points.  The  distance  between 
these  two  ionospheric  pierce  points  is  over  1,600  km.  Note  that  the  median 
difference  is  near  zero  for  the  winter  season,  yet  it  is  less  than  —2m  for  the 
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Fig.  4 — Differences  in  Vertical  Ionospheric  Range  Delays  Observed  Between  Ionospheric  Pierce 
Points  Making  Faraday  Rotation  Measurements  from  Hamilton,  MA  and  Goose  Bay,  Labrador, 
for  the  Solar  Maximum  Year  1981 


Fig.  5 — Differences  in  Vertical  Ionospheric  Range  Delays  Observed  Between  lonopsheric  Pierce 
Points  Making  Faraday  Rotation  Observations  from  Hamilton,  MA  and  Kennedy  Space  Center, 
FL,  for  the  Solar  Maximum  Year  1981 


99 


Vol.  42,  No.  2  Klobuchar,  et  a/.;  Potential  Ionospheric  Limitations 


other  two  seasons.  This  difference  may  not  be  real  given  the  unknown  absolute 
calibration  of  the  single-frequency  Faraday  rotation  data,  but  in  any  case, 
median  differences  can  be  removed  by  existing  ionospheric  models.  Thus  for 
purposes  of  this  work,  differences  in  the  delays  between  those  at  the  median 
and  those  at  other  cumulative  probability  values  are  the  important  parameters. 
For  the  data  illustrated  in  Figure  5,  the  relative  vertical  differential  range 
errors  from  the  median  to  the  5  percent  and  the  95  percent  points  vary  from 
-  2  to  +  4  m. 

Figure  6  illustrates  the  cumulative  probability  of  differences  between  solar 
maximum  Faraday  rotation  data  corresponding  to  the  Kennedy  Space  Center, 
Florida  and  the  Ramey,  Puerto  Rico  ionospheric  pierce  points.  For  this  station 
pair,  the  ionospheric  pierce  point  separation  is  also  approximately  1,600  km. 
Note  that  the  absolute  differences  from  the  median  difference  values  at  both 
the  5  percent  and  95  percent  levels  are  approximately  2  m. 

The  Faraday  range  delay  data  obtained  from  the  1981  high  solar  maximum 
year  was  for  rather  large  station  spacings,  but  it  was  all  the  data  available 
for  high  solar  maximum  conditions.  When  comparing  the  statistics  firom  the 
Faraday  data  with  those  from  the  GPS  data,  it  is  important  to  recognize  that 
the  multistation  GPS  data  collection  began  in  April  1992,  approximately  one- 
half  way  down  the  current  11  year  solar  cycle.  Also,  shorter  station  spacings 
were  used  in  the  GPS  experiment.  Figure  7  illustrates  the  statistics  of  iono¬ 
spheric  slant  range  delay  differences  for  the  Hanscom  AFB  and  Atlantic  City 
Airport  station  pair  for  the  three  seasons,  for  daytime  hoirrs.  For  this  station 
spacing  of  only  434  km,  and  for  the  lower  solar  activity  conditions  of  1992-93 
as  compared  with  1981,  the  absolute  differences  from  the  median  station  differ¬ 
ences  at  both  the  5  percent  and  the  95  percent  levels  are  approximately  1  m. 


Fig.  6 — Differences  in  Vertical  Ionospheric  Range  Delays  Observed  Between  Ionospheric  Pierce 
Points  MaJting  Faraday  Rotation  Observations  from  Kennedy  Space  Center,  FL  and  Ramey,  PR, 
for  the  Solar  Maximum  Year  1981 
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7— Differences  in  Slant  Ionospheric  Range  Delay  Observed  Between  Stations  Monitoring 
GPS  Signals  at  Hanscom  AFB,  MA  and  Atlantic  City,  NJ  in  1992-93 

The  larger  station  spacing  of  1,120  km  between  Hanscom  AFB  and  Dayton, 
Ohio  had  larger  ionospheric  range  delay  differences.  These  are  illustrated  in 
Figure  8,  which  shows  departures  from  the  median  differences  in  the  range  of 
-  3  m  at  the  5  percent  level  to  »»  2  m  at  the  95  percent  level.  While  these  GPS 
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S — Differences  in  Slant  Ionospheric  Range  Delay  Observed  Between  Stations  Monitoring 
GPS  Signals  at  Hanscom  AFB,  MA  and  Dayton,  OH  in  1992-93 
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observations  were  taken  at  many  elevation  angles,  the  median  elevation  angle 
was  45  deg,  and  a  factor  of  approximately  2  should  be  used  to  convert  those 
numbers  to  an  assumed  minimum  GPS  elevation  angle  of  5  deg. 

SOLAR  CYCLE  DEPENDENCE  OF  IONOSPHERIC  RANGE  ERROR 

The  changing  ultraviolet  flux  from  the  sun  produces  large  differences  in 
ionospheric  range  delay  over  the  approximate  11  year  solar  cycle.  The  iono¬ 
spheric  range  delays  typically  change  by  a  factor  of  3,  or  more,  from  solar 
minimum  to  solar  maximum.  Also,  each  solar  cycle  has  different  characteristics, 
and  long-term  future  solar  cycle  behavior  cannot  be  predicted  with  any 
great  accuracy. 

Unfortunately,  the  current  portion  of  the  present  solar  cycle  during  which 
our  GPS  measurements  were  taken  was  not  a  period  of  maximum  solar  activity, 
but  was  well  down  the  descending  phase  of  the  current  cycle  of  high  activity. 
The  solar  maximum  that  occurred  in  1989  was  very  similar  to  the  solar  flux 
value  for  the  year  1981,  for  which  the  ionospheric  range  delays  were  available 
from  the  stations  monitoring  Faraday  rotation.  Figure  9  illustrates  the  last 
two  solar  cycles,  indicating  the  periods  during  which  the  Faraday  rotation  and 
the  GPS  range  error  measimements  were  made.  For  a  i>eriod  of  very  high  solar 
activity,  such  as  during  the  solar  cycle  peak  years  of  1979-81  or  1989-91,  the 
range  delays,  and  the  corresponding  differences  in  range  delays  between  pairs 
of  stations,  will  be  a  factor  of  approximately  2  higher  than  those  actually 
observed  from  the  GPS  satellites  during  the  1992-93  period.  Thus.to  character¬ 
ize  high  solar  maximum  conditions,  the  range  delays  and  range  delay  differ¬ 
ences  given  in  Figures  3,  6,  7,  and  8  should  be  multiplied  by  a  factor  of  2. 

GEOMAGNETIC  STORM  EFFECTS  ON  IONOSPHERIC  RANGE  DELAY 

Referring  to  Figures  2  and  4,  the  large  departures  from  a  near-normal  curve 
above  the  99  percent  cumulative  probability  for  the  equinox  season  of  1981 


Fig.  9— Annual  Mean  Observed  Sunspot  Numbers  for  the  Years  1974  Through  1993,  with 
Predicted  Values  Through  1998 
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are  due  to  the  effects  of  one  geomagnetic  storm  that  occurred  in  October  1981, 
If  only  a  few  hours  of  the  large,  positive  phase  of  this  storm  is  removed  from 
the  equinox  season,  the  positive  departure  in  range  delay  for  cumulative  proba¬ 
bilities  >  99  percent  disappears.  The  October  1981  storm  was  by  no  means 
the  largest  storm  that  occurred  during  the  measurement  periods,  but  it  was 
the  one  with  the  highest  absolute  departure  from  median  ionospheric  range 
delays  and  the  largest  geographic  gradient. 

Even  though  the  effects  of  geomagnetic  storms  last  for  several  days,  the 
absolute  ionospheric  differential  range  delays  are  the  important  factor  in 
WAAS,  and  these  occur  for  only  a  relatively  short  period  of  time  during  a  storm. 
If  only  a  few  major  geomagnetic  storms  occur  each  year,  and  if  the  large 
ionospheric  range  delay  gradients  introduced  by  the  storm  effects  occur  for 
only  the  afternoon  of  the  first  day  of  each  major  storm  period,  that  cumulative 
length  of  time  is  less  than  1  percent  of  the  entire  year.  Thus,  the  ionospheric 
range  delay  statistics  will  not  be  seriously  affected,  except  below  the  1  percent 
and  above  the  99  percent  levels.  Indeed,  with  the  exception  of  the  October  1981 
storm,  little  evidence  was  found  in  the  1981  solar  maximum  Faraday  rotation 
measurements,  at  any  cumulative  probability  level,  of  major  effects  in  the 
statistics  of  ionospheric  range  delay  due  to  magnetic  storms.  During  the  approx¬ 
imately  1  year  period  of  GPS  range  delay  measurements  in  1992-93,  no  evi¬ 
dence  could  be  found  of  large  magnetic  storm  effects  on  differential  range 
delays.  This  is  a  hopeful  sign  for  WAAS  implementation. 

In  an  operational  WAAS,  the  ionospheric  range  delay  will  be  continuously 
measured  at  a  number  of  stations  throughout  the  extended  CONUS  region. 
These  real-time  measurements  can  be  used  to  determine  what  the  ionospheric 
gradients  are.  If  the  gradients  become  too  large  to  model  successfully  using 
the  planned  set  of  grid  nodes,  or  if  the  real-time  ionospheric  range  delay  data 
becomes  erratic  or  immeasurable  because  of  the  extremely  rare  occurrence  of 
strong  amplitude  and  phase  scintillation  effects  in  the  CONUS  region,  then  a 
simple  warning  message  can  be  sent  to  users  on  a  standard  WAAS  link,  advising 
that  the  residual  ionospheric  error  is  not  within  the  normal  tolerances.  Iono¬ 
spheric  delay  gradients  much  larger  than  those  normally  observed  in  the 
CONUS  region  due  to  severe  ionospheric  disturbances  are  not  expected  to  occur 
for  more  than  a  few  days  in  each  11  year  solar  cycle. 

ESTIMATION  ERRORS  IN  IONOSPHERIC  RANGE  DELAY  AT  A 
SINGLE  SITE 

The  objective  of  this  paper  is  to  obtain  statistics  on  the  required  station 
spacing  for  the  WAAS  system.  Results  presented  to  this  point  summarize  the 
statistics  of  measured  ionospheric  range  delay  at  a  single  station,  and  differ¬ 
ences  in  measured  delays  at  pairs  of  stations  with  var3dng  distances  between 
them.  To  complement  these  results,  the  database  was  further  used  in  a  simple 
linear  interpolation  technique  to  determine  potential  errors  in  the  estimation 
of  ionospheric  range  delay.  The  technique  used  was  simply  to  isolate  the  vertical 
delay  measurement  recorded  at  one  station  and  fit  the  simultaneous  vertical 
delay  measurements  recorded  at  the  other  three  stations  to  a  straight  line, 
using  a  least-squares  fit.  The  resultant  least-squares  line  was  then  used  to 
estimate  the  vertical  delay  at  the  isolated  station.  This  estimated  vertical  delay 
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was  compared  with  the  measured  vertical  delay  to  determine  an  estimation 
error. 

Figure  10  illustrates  the  results  of  this  error  estimation  at  the  Hamilton 
pierce  point  using  the  1981  solar  maximum  Faraday  measurements  from  Goose 
Bay,  Kennedy  Space  Center,  and  Ramey.  Note  that  the  closest  stations  to 
Hamilton  are  Goose  Bay,  which  is  1,197  km  north,  and  Kennedy  Space  Center, 
which  is  1,612  km  south.  The  results  show  median  residual  errors  in  vertical 
range  delays  with  magnitudes  of  0  to  1.5  m  for  all  seasons.  The  largest  absolute 
estimation  errors  of  3.3  m  are  visible  at  the  1  and  99  percent  probability  levels. 
The  strong  deviations  below  the  1  and  above  the  99  percent  probability  levels 
are  attributable  primarily  to  the  geomagnetic  storm  effects  discussed  in  the 
previous  section.  Results  of  the  estimation  process  at  the  Kennedy  Space  Center 
are  presented  in  a  similar  manner  in  Figure  11.  The  closest  stations  to  the 
Kennedy  site  are  Hamilton,  which  is  1,612  km  north,  and  Ramey,  which  is 
1,623  km  south.  The  median  residual  errors  are  within  1  m  for  all  seasons, 
and  reach  magnitudes  similar  to  those  at  Hamilton  for  the  1  and  99  percent 
levels.  The  large  geomagnetic  storm  effects  are  not  as  apparent  at  the  Kennedy 
ionospheric  pierce  point  as  they  are  at  the  Hamilton  pierce  point. 

A  similar  error  estimation  technique  was  applied  to  the  GPS  measurements 
of  1992-93.  In  this  process,  only  data  from  the  north-south  station  chain  of 
Oldtown,  Hanscom  AFB,  Atlantic  City,  and  Georgetown  was  included.  Simulta¬ 
neous  da5dime  slant  delay  measurements  from  these  four  stations  viewing 
the  same  satellite  were  converted  to  equivalent  vertical  range  delay  at  the 
ionospheric  pierce  point.  Equivalent  vertical  delay  measurements  from  three 
ionospheric  pierce  points  were  then  used  to  estimate  equivalent  vertical  delay 
at  the  fourth  pierce  point,  which  was  compared  with  the  measured  equivalent 
vertical  delay.  Results  of  this  error  estimation  process  for  the  Hanscom  AFB 
pierce  points  are  presented  in  Figure  12.  Note  that  the  closest  sites  to  Hanscom 
AFB  are  Oldtown,  which  is  348  km  north,  and  Atlantic  City,  which  is  434  km 
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Fig.  10 — Differences  Between  Faraday  Rotation  Measurements  of  Vertical  Delay  and  Estimated 
Vertical  Delay  at  the  Ionospheric  Pierce  Point  Viewed  from  Hamilton,  MA 


104 


Navigation 


Summer  1995 


cr 

o 

(T 

q: 

UJ 

z 

g 

5 

LJ 


in 

ir 


Ui 

UJ 

a 

Ui 

o 

z 


ESTIMATION  ERROR  -  KENNEDY  1981  (11-17  LT) 


g 


10 
8 

6 
4 
2 
0 

-2 
-4 
-6 

-8 
10 
.001 


□  WINTER 
^  SUMMER 
^  EQUINOX 


-J _ 1  1 


(meosured-estimoted)  J 


-I _ u, 


.01  .05.10  .25  .50  .75  .90.95 

CUMULATIVE  PROBABILITY 


.99  .999 


Fig.  11 — Differences  Between  Faraday  Measurements  of  Vertical  Delay  and  Estimated  Vertical 
Delay  at  the  Ionospheric  Pierce  Point  Viewed  From  Kennedy  Space  Center,  FL 


ESTIMATION  ERROR  -  HANSCOM  AFB  (11-17  LT) 
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CUMULATIVE  PROBABILITY 

Fig.  12 — Differences  Between  GPS  Measurements  of  Vertical  Delay  and  Estimated  Vertical 
Delay  at  the  Ionospheric  Pierce  Points  Viewed  from  Hanscom  AFB,  MA 


south.  The  overall  estimation  errors  are  much  smaller  than  those  found  in  the 
1981  statistics,  primarily  because  of  the  closer  spacing  between  stations  and 
the  lower  level  of  solar  activity.  Even  at  the  1  and  99  percent  probability  levels, 
the  magnitude  does  not  get  larger  than  1.8  m  for  any  season.  Fig¬ 
ure  13  demonstrates  similar  results  for  measurements  taken  at  Atlantic 
City.  Here,  the  closest  sites  are  Hanscom  AFB,  which  is  434  km  to  the  north, 
and  Georgetown,  which  is  805  km  south.  Figure  13  shows  that  the  overall  esti¬ 
mation  errors  are  within  .5  m  during  the  summer  and  reach  magnitudes  of 
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ESTIMATION  ERROR  -  ATLANTIC  CITY  (11-17  LT) 
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CUMULATIVE  PROBABILITY 

Fig.  13 — Differences  Between  GPS  Measurements  of  Vertical  Delay  and  Estimated  Vertical 
Delay  at  the  Ionospheric  Pierce  Points  Viewed  from  Atlantic  City,  NJ 


only  1.4  m  overall  for  the  other  two  seasons.  Table  5  summarizes  the  statistics 
of  estimation  errors  in  vertical  range  delay  for  two  stations  recording  Faraday 
measurements — Hamilton  and  Kennedy  Space  Center — and  the  GPS  measure¬ 
ment  stations  at  Hanscom  AFB  and  Atlantic  City. 

In  this  analysis,  we  were  limited  to  using  measurements  from  only  three 
ionospheric  pierce  points  to  estimate  ionospheric  delay  at  a  fourth  pierce  point. 
The  WAAS  ionospheric  grid  algorithm  referenced  in  [3]  basically  uses  measured 
ionospheric  delays  at  the  pierce  points  for  each  visible  satelUte  from  approxi¬ 
mately  24  reference  stations.  These  meaisured  values  are  then  used  to  estimate 
the  vertical  ionospheric  delay  for  each  node  of  an  imaginary  grid  on  the  iono¬ 
spheric  sphere.  The  residual  ionospheric  delays  in  the  WAAS  system  are 
expected  to  be  smaller  than  those  presented  here  since  the  grid  algorithm  uses 
all  measurements  available  from  all  stations  and  visible  satellites,  and  can 


Table  5 — Estimation  Errors  in  Vertical  Range  Delay  (m) 


Station 

Season 

1% 

5% 

50% 

95% 

99% 

Hamilton 

winter 

-1.49 

-0.88 

0.06 

1.19 

2.83 

summer 

-3.24 

-2.52 

-1.33 

-0.02 

0.84 

equinox 

-2.80 

-2.00 

-0.59 

1.05 

3.36 

Kennedy 

winter 

-1.85 

-1.45 

-0.13 

1.08 

1.49 

summer 

-3.60 

-3.00 

-0.85 

0.93 

1.55 

equinox 

-3.23 

-2.15 

-0.35 

1.23 

1.88 

Hanscom 

winter 

-1.80 

0.03 

0.53 

1.52 

1.67 

summer 

0.06 

0.18 

0.48 

0.96 

1.08 

equinox 

-0.13 

0.04 

0.46 

0.97 

1.24 

Atlantic  City 

winter 

0.03 

0.27 

0.71 

1.08 

1.35 

summer 

-0.10 

-0.01 

0.18 

0.34 

0.37 

equinox 

-0.40 

-0.25 

0.18 

0.65 

1.17 
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be  made  more  sophisticated  than  the  simple  linear  fit  technique  used  in  this 
analysis. 

SUMMARY  OF  IONOSPHERIC  DEU\Y  DIFFERENCES  AND  CONCLUSIONS 

Differences  in  GPS  slant  ionospheric  range  delays  at  the  1,  5,  95,  and 
99  percent  cumulative  probability  levels,  for  daytime  conditions  for  each  station 
pair,  and  for  each  season,  are  given  in  Table  6.  These  values  are  summarized 
in  Figure  14,  which  shows  a  steady  increase  in  delay  difference  with  station 
spacing  for  all  the  probability  values.  Most  of  the  station  pairs  are  aligned 
along  an  approximate  north-south  direction  (e.g.,  Oldtown,  Maine  to  George¬ 
town,  South  Carolina),  but  the  Dayton,  Ohio  station  is  mainly  west  of  the 
Atlantic  coastal  chain  of  the  other  stations.  Data  from  the  Dayton  and  Atlantic 
City  station  pair,  the  Hanscom  AFB  and  Dayton  station  pair,  and  the  Oldtown 
and  Dayton  station  pair  are  shown  as  starred  points  in  Figure  14.  In  most 
cases,  they  do  not  differ  significantly  from  the  lines  drawn  through  the  stations 
having  a  predominantly  north-south  spacing,  indicating  that  there  is  little 
difference  between  the  statistics  of  north-south  and  east-west  ionospheric  range 
delay  differences,  at  least  over  this  region  in  CONUS  during  the  time  of  these 
observations. 


Table  6 — Difference  in  Slant  Range  Delays  (m)  Observed 
_ for  Stations  Pairs  vs  Cumulative  Probability _ 


Distance  (km) 

Season 

1% 

5% 

95% 

99% 

348  (ME-MA) 

winter 

-0.9 

-0.5 

1.4 

2,6 

summer 

-0.6 

-0.6 

0.5 

0.7 

equinox 

-1.1 

-0.8 

0.7 

1.4 

434  (MA-NJ) 

winter 

-1.3 

-0.9 

1.0 

1.6 

summer 

-1.3 

-0,8 

0,6 

1.0 

equinox 

-1.5 

-1.0 

0.9 

1.3 

782  (NJ-ME) 

winter 

-2.4 

-1,5 

1,5 

2,5 

summer 

-0.8 

-0.6 

0.7 

1.1 

equinox 

-3.2 

-1.7 

1.0 

2.0 

805  (NJ-SC) 

winter 

-2.3 

-1.5 

1.4 

2.4 

summer 

-1.2 

-0.8 

0.7 

1.2 

equinox 

-3.0 

-1.8 

1.2 

1.9 

828  (NJ-OH) 

winter 

-3.1 

-2.2 

1.9 

2.7 

summer 

-1.0 

-0.8 

0.9 

1.8 

equinox 

-2.5 

-1.5 

1.3 

2.3 

1,120  (MA-OH) 

winter 

-2.9 

-1.8 

2.1 

4.0 

summer 

-2.3 

-1.5 

0.9 

1.4 

equinox 

-2.9 

-1.7 

0.9 

1.9 

1,238  (ME-SC) 

winter 

-3.1 

-1.8 

1.6 

2.8 

summer 

-1.9 

-1.0 

1.0 

1.7 

equinox 

-4.8 

-2.6 

1.9 

2.4 

1,393  (ME-OH) 

winter 

-4.5 

-2.9 

3.0 

5,2 

summer 

-1,7 

-1.3 

1,4 

2.0 

equinox 

-3.7 

-2.1 

1.9 

3.5 

1,586  (ME-SC) 

winter 

-3.9 

-2.9 

2.7 

4,4 

summer 

-1.9 

-1.2 

1.4 

2.1 

equinox 

-5,1 

-3.0 

2.3 

3.5 

107 


VoL  42,  No.  2  Klobuchar,  et  ai:  Potential  Ionospheric  Limitations 


Fig.  14 — Ionospheric  Delay  Differences  Versus  Station  Spacing,  for  the  Daytime  Hours  Only 
(data  from  station  pairs  with  a  major  east-west  direction  component  are  indicated  by  an 
asterisk) 


The  results  from  the  initial  1  year  of  measurements  of  GPS  ionospheric  range 
delays  and  1  year  of  similar  data  from  a  high  solar  maximum  year  taken  in 
and  near  the  CONUS  region  show  that  differential  slant  range  delays  are 
approximately  ±  2  m  or  less  for  station  spacings  of  approximately  430  km  for 
at  least  99  percent  of  the  time.  Even  for  a  pair  of  GPS  stations  spaced  at  over 
1,100  km,  the  differential  ionospheric  range  delays  do  not  exceed  approximately 
5  m  between  the  5  and  the  95  percent  cumulative  probability  levels.  Extrapola¬ 
tions  to  conditions  of  higher  solar  activity  are  not  precise,  but  they  indicate 
that  a  factor  of  2  increase  in  range  delays  should  be  sufficient  for  even  very 
high  solar  maximum  conditions,  as  was  the  case  for  the  last  two  solar  maxima. 

The  results  of  this  paper  show  that  if  a  user  is  located  ^  800  km  from  a 
monitoring  station,  the  difference  in  slant  ionospheric  delays  is  within  ^  2  m 
at  the  5  and  the  95  percent  probability  levels.  During  the  peak  of  a  high  solar 
maximum  period,  this  differential  ionospheric  range  delay  is  approximately 
twice  as  large,  e.g.,  4  m.  The  spacing  between  WAAS  reference  stations  in 
CONUS  should  be  arranged  to  take  these  results  into  account.  Since  the  results 
in  this  paper  are  based  on  actual  measured  data,  they  are  representative  of  a 
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lower  bound  of  any  real-time  prediction  algorithm,  which  probably  will  not  be 

able  to  fit  better  than  the  actual  ionospheric  measurements. 
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ABSTRACT 


The  time  rate  of  change  of  ionospheric  range  delay  is  a. potential  limitation  to  the  Wide  Area  Augmen¬ 
tation  System  (WAAS)  in  precise  positioning  using  radio  waves  from  Global  Positioning  System,  (GPS). 
sateUites  in  the  single  frequency  c/a  mode.  Dual  frequency  GPS  users  with  access  to  the  p-code  automati¬ 
cally  correct  for  the  effects  of  both  the  ionospheric  range  delay  and  its  rate  of  change.  Single  frequency  GPS 
users  can  use  a  simple  algorithm  for  ionospheric  range  delay  to  place  an  absolute  scale  on  their  measurements 
of  c/a  code  minus  earner,  to  correct  for  the  time  rate  of  change  of  ionospheric  range  delay,  but  the  inherent 
noisiness  of  the  LI  code  data  can  severely  limit  the  single  frequency  ionospheric  correction  capability,  espe- 
ciaBy  in  removing  the  effects  of  the  rate  of  change  of  ionospheric  range  delay. 


To  mvestigate  the  statistics  of  ionospheric  range-rate  changes,  dual  frequency  GPS  data  from  stations 
m  parts  of  the  world  representative  of  different  ionospheric  conditions  was  obtained  from  the  International 
GPS  Geodynamics  Service,  (IGS),  network,  managed  by  the  Jet  Propulsion  Laboratory,  (JPL).  Values  of 
dual  frequency,  differential  carrier  phase  were  computed  at  one  minute  intervals  and  then  were  high  pass 
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filtered  to  remove  long  term  changes.  Relative  ionospheric  range  delay  changes  over  time  intervals  of  1,  2, 
5,  and  10  minutes  duration  were  then  computed  and  the  statistics  of  these  rates  of  change  of  ionospheric 
time  delay  were  compiled  for  different  times  of  day,  viewing  direction,  and  various  conditions  of  magnetic 
activity.  The  largest  rates  of  change  of  ionospheric  range  delay  were  observed  in  the  auroral  region  during 
periods  of  high  magnetic  activity. 


INTRODUCTION 

One  of  the  potential  limitations  to  ionospheric  corrections  for  the  proposed  Wide  Area  Augmentation 
System,  (WAAS),  (EI-Arini,  et.  al.,  1995)  is  in  how  rapidly  ionospheric  range  delay  corrections  must  be 
made  in  an  operational  WAAS.  Large  scale,  slowly  changing,  ionospheric  features  can  be  removed  by  use 
of  a  network  of  dual  frequency  ionospheric  monitoring  stations,  (El-Arini,  et.  al.,  1993,  1994).  However, 
rapidly  changing  ionospheric  range  delays  are  generally  small  scale,  and  are  due  to  phase  fluctuations  which 
occur  when  the  GPS  signal  passes  through  a  region  of  irregularities  in  the  ionosphere. 

These  irregulanties  produce  short  term  phase  fluctuations  in  the  carrier  of  the  radio  waves  which  pass 
through  them.  The  high  rate  of  phase  changes  can  potentially  cause  loss  of  phase  lock  of  GPS  receivers, 
especially  when  accompanied  by  amplitude  fading.  The  ampUtude  of  the  radio  wave  also  is  subject  to  severe 
fadmg,  which  can  be  as  deep  as  25dB.  There  are  also  occasional  signal  enhancements,  and  the  average  si'jiaI 
power  remains  the  same.  These  effects  are  commonly  called  phase  and  amplitude  scintillations.  Ionospheric 
irregularities  most  often  occur  in  the  auroral  zone,  that  part  of  the  high  latitude  region  of  the  earth  where 
charged  particles  coming  from  the  sun  directly  impinge  on  the  earth,  causing  visual  anrora,  and  irregularities 
in  the  earth’s  ionosphere.  The  near^uatorial  region,  a  belt  of  up  to  ±30*  either  side  of  the  magnetic  equa- 
tor,  produces  the  highest  recorded  scintillations,  (Goodman  and  Aarons,  1990),  but  generally  only  during 
the  local  evening  hours,  and  in  patchy  regions  of  the  sky,  unlike  in  the  auroral  region  where  the  spatial  and 
temporal  extent  of  irregularities  can  be  Tniirh  greater. 


Ill 


Wanninger,  (1992),  used  differences  in  GPS  differential  carrier  phase  over  one  minute  time  intervals  to 
compute  phase  fluctuations  of  data  collected  from  five  stations  in  Brasil  during  a  ten  day  period  of  obser¬ 
vations  in  March  1992.  His  observations  confirmed  the  well  known  temporal  dependence  of  scintillations  in 
the  equatorial  region,  which  begins  shortly  after  local  sunset  and  can  extend  until  after  local  midnight,  with 
periods  of  mtermittent  scintillation  during  this  time  interval.  Wanninger,  (1993),  looked  at  the  occurrence  of 
GPS  phase  scintillation  at  the  Kokee,  Hawaii  station,  located  somewhat  north  of  the  equatorial  irregularity 
belt  region.  He  found  a  significant  occurrence  of  phase  scintillation  equatorwards  of  the  Kokee  station  during 
the  local  nighttime  hours,  beginning  about  one  hour  after  local  sunset,  and  occasionally  continuing  until  the 
following  dawn  period.  Data  from  the  Kokee  station  also  was  from  1992,  on  the  declining  phase  of  the 
current  11  year  cycle  of  long  term  solar  activity,  but  still  a  year  having  significant  scintfllation  effects.  The 
current  solar  minimum  is  expected  to  occur  sometime  in  1996.  Though  Wanninger’s  1992  data  was  taken  at 
least  two  years  after  the  current  sunspot  cycle  maximum,  which  occurred  in  1989-1990,  this  maximum  was 

abnormally  large,  and  1992  was  a  year  having  a  mean  sunspot  number  more  representative  of  an  average 
solar  cycle  maxiinairu 

In  this  paper  the  emphasis  is  on  GPS  observations  from  the  CONUS,  and  from  the  auroral  region  north  of 
the  CONUS,  regions  where  the  WAAS  system  likely  wifl  first  be  implemented,  in  order  to  quantify  the  magni¬ 
tude  of  the  short  term  changes  in  ionospheric  range  delay.  Unfortunately,  GPS  data  from  these  stations  was 
only  available  online  beginning  in  late  1993,  and  continuing  through  July  1994,  weH  down  the  current  solar 
cycle,  not  representative  of  solar  cycle  maximum  conditions.  Extrapolations  to  solar  maximum  conditions  can 
be  made,  but  with  an  uncertain  degree  of  confidence.  The  dependence  of  phase  fluctuations  on  the  average 
location  and  extent  of  the  auroral  region,  assumed  to  be  a  function  of  the  magnetic  K,  index,  also  are  shown. 

available  GPS  IONOSPHERIC  DATA 

fii  order  to  determine  the  statistics  of  ionospheric  range-rate  changes,  dual  frequency  GPS  data  was 
obtamed  from  the  IGS  network  which  provides  an  exceUent  opportunity  to  study  the  behavior  of  ionospheric 
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range  delays  and  their  rates  of  change  over  a  wide  range  of  latitudes.  The  potential  use  of  this  data  base  in 
ionospheric  research  is  extensive  and  has  been  described  by  Wanniger,  (1992  and  1993).  The  data  base  has 
already  been  utilized  by  Wilson,  et.  al.,  (1992)  to  generate  global  ionospheric  maps,  addition,  Wilson 
and  Mannucci,  (1993),  used  the  IGS  data  base,  (IGS,  1995),  to  estimate  instrumental  biases  in  the  GPS 
receivers  at  the  various  IGS  stations,  as  well  as  in  individual  GPS  satellite  transmitters.  Sardon,  et.  al., 
(1994)  also  used  data  from  several  stations  in  the  IGS  network  to  estimate  both  GPS  transmitter  and  receiver 
differential  group  delays.  In  this  study,  recent  data  from  the  IGS  network  has  been  obtained  from  a  wide 
range  of  representative  mid-latitude  and  auroral  locations  in  the  northern  hemisphere,  including  Spitsbergen 
Island  and  Tkomso,  Norway,  and  several  stations  in  the  United  States  and  in  Canada. 

The  ionospheric  data  available  from  the  IGS  consists  of  30  second  values  of  carrier  ph^e  and  group  delay 
at  both  the  GPS  h  and  the  frequencies.  From  the  available  data  it  is  possible  to  determine  the  statistics 
of  these  short  term  changes  in  delay.  If  time  rates  of  change  of  ionospheric  range  delay  are  very  large, 
and  unpredictable,  the  residual  range  delays,  even  after  correction,  can  still  be  unacceptable.  On  the  other 
hand,  if  short  term  ionospheric  range  delay  variations  are  found  to  be  small,  or  if  they  change  in  an  easily 
predictable  manner  over  time,  they  will  be  easier  to  correct,  and  these  predictable  rates  of  change  should  not 
pose  a  problem  in  the  correction  process.  Statistics  of  the  percent  occurrence  of  changes  in  ionospheric  range 
delay  ate  presented  for  different  times  of  day,  viewmg  direction  and  various  levels  of  geomagnetic  activity. 

DATA  PROCESSING  PROCEDURE 

The  data  used  in  this  study  was  recorded  from  December  1993  through  July  1994  at  the  IGS  network 
locations  illustrated  in  Figure  1  and  listed  below: 


78. 8H, 

11. 8E 

89. 7S. 

18. 9E 

64. 8H, 

147. SW 

ly  Alasund,  Svalbard  Is. 
Tromso,  lomay 
Fairbanks,  AK 


113 


Yollowknila,  HV.  Terr. 

62.3ir, 

114. SV 

Albert  Head,  B.  C. 

48.21, 

123.su 

St.  John^s,  levlotmdland 

47.41, 

52.7V 

Vestlord,  XA 

42.41, 

71.  SV 

Goldstone,  CA  . 

35. 11, 

116.9V 

Richmond,  FL 

25.01, 

S0.4V 

All  stations  in  the  IGS  network  are  equipped  with  GPS  Rogue  or  Turborogue  dual-frequency  receivers 
which  record  both  the  differential  carrier  phase  and  the  differential  group  delay  from  up  to  eight 
simultaneously.  To  insure  data  compatibility,  all  stations  in  the  network  store  the  data  in  Receiver  INde- 
pendent  Exchange,  (RINEX)  format.  In  this  study,  absolute  values  of  ionospheric  range  delay  were  not 
required,  since  only  short  term  rates  of  change  of  ionospheric  range  delays  were  needed.  In  order  to  isolate 
short  term  range  delay  changes,  the  differential  carrier  phase  measurements  were  filtered  nsing  a  symmetrical 
finite  impulse  response  filter  with  51  weights  having  no  attenuation  at  15  minutes  and  60  dB  of  attenua¬ 
tion  at  60  minutes.  This  filter  was  designed  to  remove  diurnal  changes,  any  possible  effects  due  to  large 
amplitude,  travelling  ionospheric  disturbances,  which  generally  have  periods  longer  than  15  minutes,  and 
any  changes  induced  by  the  changing  satellite  elevation  angle  which  are  relatively  long  term-  These  long 
term  changes  can  be  removed  in  an  operational  system  either  by  modeling,  or  by  the  use  of  dual  frequency 
codeless  ionospheric  measurements  from  the  WAAS  network  of  stations,  (El-Arini,  et.  al.,  1994).  Short  term 
changes  in  ionospheric  range  delay  then  were  computed  over  time  intervals  of  1,  2,  5  and  10  minutes. 

The  Block  11  GPS  satellites  were  switched  to  the  a/s  or  anti-spoofing  mode  on  February  1,  1994.  Begin¬ 
ning  at  that  tune,  the  IGS  receivers  were  operated  in  the  codeless  mode.  Figure  2  shows  AvamplAg  of  raw 
differential  group  delay  and  fitted  slant  ionospheric  differential  carrier  phase  data  from  Yellowknife,  North- 
Temtories,  Canada  for  satelhtes  operated  in  both  a  coded  and  a  codeless  mode.  Note  that  the  short 
term  fluctuations  in  ionospheric  range  delay  are  seen  readily  on  the  differential  carrier  phase  which  is  not 
significantly  affected  by  multipath,  or  by  a/s.  Both  in  code  and  codeless  operation  it  was  possible  to  fit  the 
differential  carrier  phase  data  to  an  absolute  scale  using  the  higher  elevation  portions  of  the  differential  group 
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delay  data,  though,  in  this  study,  since  only  rate  of  change  values  are  used,  absolute  values  of  ionospheric 
tsuge  delay  axe  not  necessary. 


STATISTICAL  RESULTS 


MontHy  statistics  of  time  rates  of  change  of  ionospheric  range  delay  have  been  produced  separately  for 
4  different  time  intervals  of  the  day  for  each  station  used  in  this  study.  Times  were  converted  to  local  time, 
(LT),  at  the  receiver  station  and  were  grouped  as  follows:  05-11  hours  LT,  11-17  LT,  17-23  LT,  and  23-05  LT 

Figures  3  illustrates  an  example  of  the  raw  differential  carrier  phase,  and  the  high  pass  filtered  data 
obtained  from  one  GPS  sateffite  pass  received  at  Yellowknife,  Northwest  Territories,  Canada.  Note  that  the 
short  term  fluctuations  have  peak  to  peak  magnitudes  of  up  to  ±0.3  meters.  Figure  4  shows  how  fluc¬ 
tuations  are  resolved  over  different  time  intervals.  Note  that  the  rates  of  change  of  ionospheric  range  delay 
computed  over  a  one  minute  time  interval,  shown  at  the  top  of  Figure  4,  are  the  largest,  followed  in  order, 
by  those  computed  over  2  minute,  5  minute  and  10  minute  intervals.  There  are  virtuafly  no  variations  at  10 
mmute  mtervals,  even  though  the  high  pass  filter  used  to  filter  out  long  period  variations  had  no  attenuation 

for  10  minute  periods,  indicating  that  short-term  fluctuations  of  differential  carrier  phase  predominate  in  the 
data. 

Figure  5  shows  the  statistics  of  the  1  minute  and  the  5  minute  rates  of  change  of  ionospheric  range  delay. 
The  results  shown  in  Figure  5  are  in  the  form  of  arithmetic  probability  plots.  In  this  type  of  plot,  changes 
m  ionospheric  range  delay  are  plotted  versus  their  probability  of  occurrence,  in  order  to  iflustrate  the  shape 
of  the  distribution.  A  straight  line  indicates  a  “Gaussian”  or  normal  distribution.  The  slope  of  the  straight 
line  IS  a  measure  of  the  standard  deviation  of  changes  about  a  mean  value.  Changes  from  a  straight  line 
are  measures  of  the  departures  from  a  normal  distribution,  and  usually  occur  near  the  very  low  and  the 
very  high  probabffity  regions  of  the  plot.  For  all  times  of  day  at  Yellowknife,  the  1  minute  rates  of  change 
of  ionospheric  range  delay  were  higher  than  the  5  minute  rates  of  change  by  a  large  factor,  again  clearly 
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showing  that  the  changes  observed  are  due  to  very  short  period  fluctuations  in  the  ionosphere. 


In  order  to  be  certain  that  the  ionospheric  range  delay  variations  seen  at  Yellowknife  were  due  to  short 
term,  irregular  changes  in  the  ionosphere,  and  not  to  either  diurnal  or  elevation  angle  changes  which  occur 
during  a  pass,  a  comparison  of  high  pass  filtered  and  raw,  unfiltered  ionospheric  range  delay  change  statistics 
was  done.  The  results  are  shown  in  Figure  6.  The  statistics  of  the  15  minute  changes  shown  in  Figure  6  are 
for  unfiltered  data,  while  those  for  the  1  minute  changes  have  been  filtered  using  the  filter  described  earlier. 
Note  that  the  mid-Iatitute  station  at  Westford,  MA  has  a  very  small  occurrence  of  1  minute  changes,  while 
the  Yellowknife  station,  located  under  the  auroral  region,  shows  very  high  1  minute  changes  in  ionospheric 
range  delay.  In  both  cases  the  changes  over  a  15  minute  period  are  simply  due  to  the  diurnal  and  elevation 
angle  effects  which  are  slightly  higher  at  the  Westford  station.  Thus,  it  is  reasonable  to  look  only  at  the  high 
pass  filtered  data  to  determine  the  statistics  of  the  r2inge  delay  variations  which  cannot  be  modeled. 


Figure  7  shows  a  comparison  of  rates  of  change  of  ionospheric  time  delay  that  occurred  over  ,  a  1  minute 
period  during  the  local  nighttime  hours  at  Yellowknife,  Fairbanks,  Westford,  Albert  Head  and  Richmond 
during  December  1993.  It  is  evident  that  these  changes  occur  most  frequently  at  Yellowknife  and  at  Fair¬ 
banks.  Hoth  of  these  stations  are  located  under  the  auroral  region.  Figure  8  shows  ionospheric  range  delay 
rates  for  a  one  minute  interval  for  the  same  stations  for  the  daytime  hours  of  11-17  local  time.  Even  during 
the  daytime  hours  the  range  delay  changes  are  significant  at  both  Yellowknife  and  Fairbanks.  This  is  because 
of  the  irregularities  in  the  auroral  region. 

The  average  location  of  the  auroral  region  has  been  described  by  Feldstein  in  Holzworth  and  Meng, 
(1975),  for  various  conditions  of  geomagnetic  activity.  The  location  of  the  auroral  oval  is  depicted  in  Figure 
9,  for  conditions  of  relatively  high  geomagnetic  activity,  using  an  auroral  Q  index  of  6.  Also  illustrated  in 
Figure  9  are  the  400  km  height  intersections  of  rays  from  the  Yellowknife  station  to  GPS  satellites.  The 
400  km  height  is  taken  as  the  mean  height  of  the  peak  of  the  nighttime  F2  region  where  most  of  the  irreg¬ 
ularities  responsible  for  the  scintillation  effects  occur.  The  auroral  oval  rotates  in  the  geomagnetic  latitude 
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coordinate  system,  which  is  centered  at  geomagnetic  pole,  located  at  79.1*  North,  288.9'’  East  geographic 
latitude.  For  geomagnetically  quiet  conditions,  indicated  by  an  auroral  Q  index  of  zero,  the  auroral  oval 
iUusttated  in  Figure  9  would  be  narrower  in  width  and  would  not  extend  as  far  equatorward,  as  is  the  case 
illustrated  for  a  magnetic  Q  index  of  6.  As  Figure  9  also  illustrates,  the  Yellowknife  station  is  under  the 
aurora  virtually  all  day  long,  and  many  GPS  passes  recorded  at  Fairbanks  would  also  pass  through  the 
auroral  zone.  Measurements  made  at  Albert  Head  and  St.  John’s  are  not  likely  to  be  affected  by  the  aurora 
during  moderate  magnetic  conditions.  During  severe  magnetic  storms,  however,  the  auroral  oval  expands 
both  equatorwards  and  polewards,  and  effects  can  be  seen  down  to  the  mid-latitudes.  This  effect  can  be 
seen  in  the  data  iUustrated  in  Figure  10,  where  local  daytime  time  rates  of  change  of  ionospheric  range  delay 

recorded  at  St.  Johns  have  been  sorted  by  different  levels  of  magnetic  activity,  referenced  by  the  magnetic 
Kp  index. 

StFMMARY  OF  RESULTS 

Figure  11  summarizes  the  results  for  1  minute  time  rates  of  change  in  ionospheric  range  delay  for  all 
locations,  for  3  seasons,  during  the  local  nighttime  hours.  In  this  figure,  the  1%,  5%,  50%,  95%  and  99%  cu¬ 
mulative  probability  levels  of  ionospheric  range  delay  variations  are  plotted  versus  the  geomagnetic  latitude 
of  each  station.  In  all  seasons  phase  scintillation  effects  become  apparent  in  the  auroral  zone,  at  approxi¬ 
mately  60*  geomagnetic  latitude.  Figure  11  clearly  showed  virtually  no  short  term  scintillation  effects  from 
approximately  35*  to  58®  North  geomagnetic  latitude,  corresponding  to  25®  to  48*  geographic  latitude,  dur- 
ing  this  portion  of  the  current  solar  cycle. 

Several  months  of  range  delay  change  statistics  were  computed  from  data  taken  at  the  Kokee,  Hawaii 
station,  located  slightly  northward  of  the  equatorial  anomaly  region  of  peak  occurrence  of  ionospheric  irreg¬ 
ularities.  At  the  1994  near-minimum  in  long  term  solar  cycle  activity  the  occurrence  statistics  of  ionospheric 
range  delay  variations  in  the  equatorial  region  are  much  lower  than  those  in  the  auroral  region.  More  study 
is  required  to  determine  why  this  is  the  case,  but  irregularities  in  the  equatorial  region  generaUy  occur  only 
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in  the  post-sunset  to  local  midnight  time  period,  amd  have  a  patchy  nature  even  during  those  time  peri¬ 
ods,  while  the  auroral  region  has  a  greater  temporal  and  spatial  occurrence.  The  differences  in  temporal  and 
spatial  extent  likely  significantly  affect  the  differences  in  overall  occurrence  statistics  between  the  two  regions. 


CONCLUSIONS 


The  data  set  made  available  by  the  IGS  network  is  an  important  asset  to  the  ionospheric  research  com¬ 
munity.  During  the  time  period  from  late  1993  through  July  1994,  which  is  well  down  in  the  current  11  year 
solar  activity  cycle,  only  small  effects  were  seen  in  short  term  rates  of  change  on  ionospheric  range  delays, 
not  exceeding  0,3  meters  per  minute,  even  at  the  1%  and  the  99%  statistical  points,  during  the  nighttime 
hours  of  maximum  activity.  During,  years  of  high  solar  activity,  the  background  electron  densities  and  the 
irregularities  which  produce  sdntniation  efects  are  expected  to  be  approximately  three  times  larger  than 
those  during  the  period  of  measurements  available  for  this  paper.  During  solar  maximum  conditions  the 
anticipated  rates  of  change  of  range  delay  should  be  approximately  three  times  larger,  but,  even  then,  likely 
will  exceed  1  meter  per  minute,  only  below  the  1  percentile,  and  above  the  99  percentile. 

Fortunately,  these  rates  of  change  are  not  cumulative  over  time,  that  is,  they  do  not  represent  larger 
absolute  changes  over  longer  periods,  but  can  be  characterized  as  random  fluctuations  superimposed  upon 
the  normal  large  scale  background  variations  which  are  adequately  corrected  by  the  planned  constellation  of 
dual  frequency  codeless  WAAS  ionospheric  monitoring  stations. 

These  results  indicate  that  the  largest  short  term  changes  in  ionospheric  range  delays  occur  in  the  auroral 
zone  during  the  nighttime  hours.  The  largest  changes  occur  within  1  minute,  indicating  that  they  are  related 
to  auroral  phase  scintillatioiis.  The  CONTIS  region  is  free  of  significant,  short  term  changes  in  ionospheric 
range  delay  during  this  period  of  low  solar  activity,  even  at  the  1%  and  the  99%  statistical  levels. 
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FIGURE  CAPTIONS 


Figure  1.  Map  of  station  locations  used  in  rate  of  change  of  ionospheric  range  delay  study. 

Figure  2.  Differential  group  delay  and  differential  carrier  phase  under  code  and  codeless 
conditions. 

Figure  3.  Ionospheric  delay  variations,  before  and  after  removal  of  low  frequency  spectral 
components. 

Figure  4.  Ionospheric  delay  variations  over  the  time  intervals  indicated. 


Figure  5.  Statistics  of  ionospheric  delay  variations  over  1  minute  and  5  minute  periods  for 
different  times  of  day. 


Figure  6.  Statistics  of  ionospheric  range  delay  changes  for  satellite  passes  from  Westford  and 
Yellowknife  for  which  the  long  period  variations  were  not  filtered  out. 

Figure  7.  Statistics  of  ionospheric  delay  variations  for  nighttime  hours  for  the  stations  indi¬ 
cated. 


Figure  8.  Statistics  of  ionospheric  delay  variations  for  daytime  hours  for  the  stations  indicated. 


Figure  9.  Map  of  station  locations,  GPS  400  km  height  intersections  and  the  auroral  region. 


Figure  10.  Statistics  of  daytime  ionospheric  delay  variations  for  St  Johns,  Newfoundland  for 
different  conditions  of  magnetic  activity. 


Figure  11.  Summary  of  statistics  of  nighttime  ionospheric  delay  variations  for  different  seasons 
versus  geomagnetic  latitude. 
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Upgoing  electrons  produced  in  an  electron-proton-hydrogen 
atom  aurora 
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Abstract  The  first  test  of  a  self-consistent  theory  for  the  combined  electron-proton- 
hydrogen  (H)  atom  aurora  is  presented.  Specifically,  the  upgoing  differential  electron  flux 
that  results  from  precipitating  protons  and  electrons  is  modeled  and  compared  to 
observations.  The  observations  are  from  the  Low  Altitude  Plasma  Instrument  (LAPI)  on 
board  the  Dynamics  Explorer  2  satellite.  Excellent  agreement  between  data  and  theory  is 
produced  when  a  kappa  distribution  is  used  to  extrapolate  the  observed  proton  spectra  to 
energies  beyond  the  instrument's  energy  cutoff  (27  keV).  More  definitive  tests  of  the  model 
will  require  more  comprehensive  observations  as  well  as  improvements  in  available  proton-H 
atom  cross  sections.  However,  it  is  concluded  that  data  clearly  supports  the  theoretical 
prediction  that  the  secondary  electron  spectra  due  to  precipitating  protons  and  H  atoms  is 
much  softer  than  that  produced  by  precipitating  electrons.  Also,  the  implication  that  the 
incoming  proton  spectra  have  a  high-energy  power  law  tail  raises  the  possibility  that  previous 
determinations  of  the  total  ion  energy  flux  are  too  low. 


1.  Introduction 

Recently,  a  self-consistent  model  for  the  combined 
electron-proton-hydrogen  atom  aurora  has  been 
developed[jBa5u  et  aL,  1993;  Strickland  et  al,^  1993].  The 
primary  feature  of  this  model  involves  numerically  solving 
three  coupled  linear  transport  equations  for  the  electron, 
proton,  and  hydrogen  (H)  atom  differential  fluxes  as  functions 
of  altitude,  energy,  and  pitch  angle.  To  date,  the  portion  of 
the  model  that  solves  just  the  electron  transport  equation  has 
been  tested  against  a  variety  of  data  [Meier  et  aLy  1980; 
Strickland,  1981;  Meier  et  aL,  1982;  Strickland  et  aL,  1984; 
Meier  et  aL,  1989;  Winningham  et  aL,  1989].  On  the  other 
hand,  the  solutions  of  the  two  coupled  equations  for  the 
proton  and  H  atom  fluxes  have  had  only  one  type  of 
comparison  with  data.  That  is,  calculations  of  the  ionization 
produced  by  specific  proton  aurora  have  been  in  good  to  fair 
agreement  with  the  ionization  observed  by  incoherent  scatter 
radar  [Basu  et  aL,  1987;  Senior  et  aL,  1987].  For  the  newest 
feature  of  the  three-component  model,  that  is  the  coupling 
between  the  electrons  and  the  protons-H  atoms,  there  has 
been  no  comparisons  with  observations  . 

The  purpose  of  this  paper  is  to  present  the  first  test  of  the 
fully  coupled  three-component  transport  model.  Specifically, 
we  model  the  upgoing  electrons  that  result  from  downgoing 
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electrons  and  protons  incident  at  the  top  of  the  ionosphere. 
Measurements  from  the  Low  Altitude  Plasma  Instruirient 
(LAPI)  [Winningham  et  aL,  1981]  on  board  the  Dynamics 
Explorer  2  0E  2)  satellite  provide  both  the  needed  bounda^ 
conditions  (incident  electron  and  proton  fluxes)  and  the 
resultaiit  upgoing  electron  fluxes  with  which  the  model  results 
are  compared. 

The  plan  of  the  paper  is  as  follows;  The  basic  elements  of 
the  theoretical  model  are  described  in  section  2.  In  section  3, 
we  discuss  the  model  predictions  concerning  upgoing  (br 
backscattered)  electrons.  The  LAPI  observations  are 
introduced  in  section  4  followed  by  compdrisons  with  theory 
in  section  5.  The  paper  concludes  with  a  discussion  and 
summary  in  section  6. 

2.  Theoretical  model 

The  fundamentJil  feature  of  this  three-component  auroral 
model  is  the  use  of  transport  theoretic  methods  to  solve  a  set 
of  three  coupled  Boltzmann  equations  for  the  electroii, 
proton,  arid  H  atom  differential  fluxes.  In  solving  the^ 
equations,  we  assume  steady  state  conditions^  no  electric 
fields,  a  uniform  geomagnetic  field  (rio  magnetic  mirpring), 
and  azimuthal  symmetry  about  the  geomagnetic  field  line. 
The  collisional  processes  included  are  the  various  types  of 
collisions  between  the  energetic  precipitating  particles  and  the 
neutral  constituents  of  the  ionosphere.  Also  included  is  the 
process  where  energetic  electrons  undergo  "frictional"  energy 
loss  due  to  Coulomb  collisions  with  the  thermal  electrons. 

The  protons  and  H  atoms  are  coupled  to  each  other  by 
charge-changing  collisions  with  neutrals  (charge  exchange 
and  stripping).  The  electrons  in  turn  are  coupled  to  the 
protons  and  H  atoms,  because  secondary  electrons  are 
produced  from  ionizing  collisions  between  neutrals  and 
protons  and  H  atoms.  The  new  feature  of  this  model  over 
previous  work  is  that  the  secondary  electrons  produced  by  the 
primary  protons  and  H  atoms  are  included  in  the  solution  of 
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the  electron  transport  equation.  The  three  transport  equations, 
discussions  of  the  various  collision  processes,  and  the 
numerical  methods  for  solving  the  equations  can  be  found  in 
the  work  by  Basu  et  ai  [1993]  and  will  not  be  given  here. 

Besides  calculating  the  differential  fluxes,  the  auroral 
model  also  uses  those  fluxes  to  calculate  emission  and 
ionization  yields  that  result  from  the  precipitating  particles. 
To  illustrate  how  all  these  various  components  fit  together, 
we  give  in  Figure  1  a  flow  diagram  of  the  model.  For  the  case 
of  a  pure  electron  aurora,  let  us  focus  our  attention  on  the  left 
side  of  the  diagram.  We  begin  with  a  precipitating  electron 
flux  (Og)  at  the  top  of  the  atmosphere  at  some  altitude  z^. 
This  flux  serves  as  the  boundary  condition  for  solving  the 
electron  transport  equation  to  obtain  the  electron  differential 
flux  for  altitudes  below  z^.  These  fluxes  are  then  used  to 
calculate  profiles  of  optical  emissions  and  ion  densities.  The 
sequence  of  computer  models  represented  by  this  portion  of 
the  diagram  has  been  developed  over  the  last  couple  of 
decades  by  Strickland  and  coworkers  [Strickland  et  aL,  1976, 
1983, 1989]. 

Turning  to  the  right  side  of  the  diagram,  we  consider  the 
case  of  a  proton-H  atom  aurora.  Here  we  imagine  a  flux  of 
precipitating  protons  at  some  altitude  Zo,  and  again  we  want  to 
calculate  the  differential  flux  at  altitudes  below  z^.  An 
additional  complication,  as  compared  to  the  electron  transport 
problem,  is  that  as  protons  penetrate  into  the  atmosphere, 
some  are  converted  into  energetic  H  atoms  through  charge 
exchange  collisions  with  neutrals.  These  energetic  H  atoms 
in  turn  can  be  converted  back  into  protons  by  charge-stripping 
collisions.  The  result  is  that  a  flux  of  protons  will  be 
converted  into  a  flux  of  protons  and  H  atoms.  Thus  if  we  are 
interested  in  the  flux  of  either  specie,  we  need  to  determine 
both  by  solving  two  coupled  transport  equations.  As  in  the 
electron  case,  these  differential  fluxes  can  then  be  used  to 
calculate  the  optical  emissions  and  ion  densities  that  arise 
directly  from  the  precipitating  protons  and  H  atoms.  The 
computer  model  that  solves  for  the  proton  and  H  atom  fluxes 
has  been  developed  over  the  last  decade  by  J.  Jasperse,  B. 


Basu,  and  co workers  [Jasperse  and  Basu,  1982;  Basu  et  ai, 
1987,  1990]. 

The  description  given  above  of  the  proton-H  atom  aurora 
model  is  missing  an  important  element.  That  element  is  the 
production  of  secondary  electrons  by  collisions  between 
atmospheric  neutrals  and  energetic  protons  and  H  atoms 
[Basu  et  ai,  1993;  Strickland  et  ai,  1993].  This  coupling  of 
the  protons  and  H  atoms  to  the  electrons  is  the  new  feature  of 
the  current  model  and  is  represented  in  our  flow  diagram  by 
the  box  in  the  middle.  The  fact  that  this  coupling  is  one  way 
means  that  we  first  start  on  the  right  side  of  the  diagram  and 
solve  for  the  proton  and  H  atom  fluxes.  Moving  to  the  left  in 
the  diagram,  these  fluxes  are  then  used  to  calculate  a 
secondary  electron  source.  This  source  in  turn  becomes  an 
input  in  solving  for  the  resulting  electron  flux.  Having 
obtained  all  the  necessaiy  fluxes,  they  can  then  be  used  to 
calculate  the  optical  emissions  and  ion  densities  that  are 
produced  in  a  proton-H  atom  aurora.  Furthermore,  by 
including  both  precipitating  electrons  and  protons  at  altitude 
Zo,  the  model  can  treat  the  mixed  case  of  an  electron-proton-H 
atom  aurora. 

As  mentioned  in  the  introduction,  the  solution  for  the  pure 
electron  aurora  case  has  been  tested  against  a  variety  of  data. 
This  includes  comparisons  with  measured  differential  fluxes, 
optical  emissions,  and  ion  densities.  On  the  other  hand,  for 
the  proton-H  atom  aurora  the  only  previous  comparison  with 
data  has  involved  the  resultant  ion  density,  not  including  the 
additional  ionization  produced  by  secondary  electrons.  To 
date,  no  detailed  comparisons  have  been  made  with  observed 
proton  or  H  atom  differential  fluxes  or  the  resultant  electron 
fluxes.  The  original  plan  for  this  work  was  to  make  a 
comparison  between  the  theory  for  and  the  observations  of 
the  electron  fluxes  that  are  produced  in  a  "pure"  proton-H 
atom  aurora.  In  particular,  we  planned  on  studying  the 
upgoing  electron  fluxes  that  result  from  the  proton-H  atom- 
produced  secondary  electrons.  We  chose  to  focus  on  upgoing 
electrons  rather  than  the  proton  and  H  atom  fluxes  for  two 
reasons:  (1)  these  electrons  are  calculated  by  the  newest  and 


<E>e(Zo,E,|J>0) 


O  (Zo,E,n>0) 


Figure  1.  A  flow  diagram  of  the  clectron-proton-H  atom  auroral  model. 
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least-tested  part  of  the  model,  and  (2)  we  believed 
observations  of  such  electron  fluxes  were  available  with 
which  to  make  the  comparisons.  However,  when  we  began 
searching  for  observations  of  proton  precipitation,  we  found 
no  cases  of  a  truly  pure  proton-H  atom  aurora.  Rather,  all  the 
cases  of  proton  precipitation  that  we  examined  included  some 
electron  precipitation.  Thus  we  realized  that  we  had  to  deal 
with  the  more  general  situation  of  a  mixture  of  precipitating 
protons,  H  atoms,  and  electrons.  However,  our  primary 
interest  was  in  assessing  our  modeling  of  upgoing  electrons 
produced  by  protons  and  H  atoms,  and  thus  an  understanding 
of  the  relative  roles  of  precipitating  electrons,  protons,  and  H 
atoms  became  crucial  for  selecting  the  data  to  use  and  making 
our  assessment  With  this  in  mind,  we  decided  to  perform 
several  calculations  to  help  us  develop  that  understanding. 
These  calculations,  which  involved  both  electron  and  proton 
precipitation,  are  discussed  in  the  next  section. 

Rnally,  since  we  are  going  to  focus  on  upgoing  electrons,  a 
few  comments  about  their  production  are  appropriate.  In  the 
model,  the  only  coupling  between  different  pitch  angles 
comes  from  electron-neutral  elastic  scattering  and  secondary 
electron  production.  These  then  are  the  only  sources  of 
upgoing  electrons  in  the  model.  Forward  scattering  is 
assumed  for  all  other  collision  processes  and,  as  mentioned, 


magnetic  mirroring  is  neglected.  Hence  the  model  produces 
no  upgoing  protons  and  H  atoms  as  well  as  no  mirrored 
electron  population.  In  the  future,  we  hope  to  assess  the 
accuracy  of  these  approximations  by  comparing  to  Monte 
Carlo  solutions  to  the  problem  [Kozelov  and  Ivanov,  1992; 
Kozelov,  1993;  Sergienko  and  Ivanov,  1992]. 

3.  Upgoing  electrons 

As  stated  above,  we  needed  to  contrast  the  upgoing 
electrons  produced  by  precipitating  protons  and  H  atoms  to 
those  produced  by  precipitating  electrons.  For  our  pure 
electron  precipitation  case,  we  used  an  isotropic  incident 
electron  flux  that  had  a  Maxwellian  energy  distribution  along 
with  a  low-energy  tail.  The  Maxwellian  had  a  characteristic 
energy  of  1  keV  and  the  total  incident  energy  flux,  including 
the  low-energy  tail,  was  1  erg  cm'^  s\  A  description  of  the 
low-energy  tail  is  given  by  Strickland  et  aL  [1993].  For  the 
pure  proton-H  atom  case,  we  used  an  isotropic  incident 
proton  flux  that  was  also  a  Maxwellian  with  an  energy  flux  of 
1  erg  cm‘^  s“*  but  had  a  characteristic  energy  of  9  keV.  This 
difference  of  characteristic  energies  was  chosen  such  that 
peak  altitude  for  the  ionization  rates  would  be  about  the  same 
in  the  two  C2sts{J asperse  and  Basu,  1982].  In  Figure  2,  we 


THEORY  600.00  KM  180.00  DEG 


Figure  2.  Theoretical  differential  electron  number  flux  at  a  pitch  angle  of  180.0® (upward  flux)  and  an 
altitude  of  600  km  versus  energy.  The  solid  curve  is  for  a  pure  electron  aurora  with  an  incident  Maxwellian 
distribution  and  a  low  energy  tail.  The  characteristic  energy  is  1  keV  and  the  total  incident  flux  is  1  erg  cm'^ 
s‘ .  The  low-energy  tail  is  described  by  Strickland  et  aL  [1993].  The  dashed  curve  is  for  a  pure  proton-H 
atom  aurora  with  an  incident  Maxwellian  distribution  of  protons.  The  characteristic  energy  is  9  keV  and  the 
total  incident  energy  is  1  erg  cm’^  s*^ 
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THEORY  122.30  KM  180.00  DEG 


Figure  3.  The  same  as  Figure  2  except  that  the  theoretical  differential  electron  number  flux  is  at  an  altitude 
of  aroundT20km. 


show  the  resultant  upflowing  electron  flux  at  600  km  as  a 
function  of  energy  from  10  to  1000  eV  (pitch  angle  =  180.0®) 
for  both  the  electron  precipitation  (solid  curve)  and  proton 
precipitation  (dashed  curve)  cases.  We  see  that  there  is  a 
dramatic  difference  between  the  proton-H  atom-produced 
electron  spectrum  and  that  produced  from  electron 
precipitation.  The  proton-H  atom-produced  electrons  are 
much  softer  as  compared  to  the  electron  precipitation  case, 
the  electron  flux  varying  from  about  a  factor  of  3  less  at  10 
eV  to  around  4  orders  of  magnitude  less  at  above  200  eV.  In 
Rgurc  3,  a  similar  comparison  is  made  for  a  lower  altitude 
(-120km).  We  see  that  while  the  electron  spectrum  produced 
by  protons  and  H  atoms  (dashed  curve)  still  has  a 
characteristic  softness,  at  low  energies  it  is  now  comparable 
to  that  produced  by  electron  precipitation. 

One  reason  for  these  differences  is  that  in  the  precipitating 
election  case  most  of  the  higher-energy  upgoing  electrons  are 
degraded  primary  electrons,  and  thus  by  definition  the 
precipitating  proton-H  atom  case  is  missing  this  source. 
Another  important  reason  for  this  difference  is  that  at  lower 
energies,  secondary  electron  production  becomes  the 
dominant  source  of  upgoing  electrons  and  the  secondary 
electron  source  function  produced  by  protons  and  H  atoms  is 
much  softer  than  the  one  produced  by  precipitating  electrons. 
This  difference,  as  explained  by  Basu  et  a/.  [1993]  and 
Strickland  et  a/.[1993],  is  due  to  the  fact  that  (for  energies  of 
auroral  interest)  cross  sections  for  secondary  electron 
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production  by  proton  and  H  atom  impact  decrease 
exponentially  with  increasing  secondary  electron  energy, 
whereas  the  cross  sections  for  election  impact  decrease  as  an 
inverse  power  law  with  increasing  secondary  energy. 

The  difference  predicted  by  the  model  for  the  upgoing 
electrons  in  a  proton-H  atom  aurora  versus  an  electron  aurora 
represents  both  an  opportunity  and  a  problem.  The 
opportunity  is  that  this  dramatic  difference  can  be  looked  for 
in  the  data  and  in  principle  gives  an  easy  way  to  qualitatively 
check  this  aspect  of  the  model.  The  problem  with  having 
such  a  difference  is  a  twofold  one.  First,  given  the  magnitude 
of  the  predicted  upgoing  electrons  produced  by  protons  and  H 
atoms,  along  with  the  sensitivity  of  LAPI,  any  comparisons 
between  data  and  theory  will  be  limited  to  energies  from  10  to 
around  200  eV.  Second  the  large  difference  between  the  two 
types  of  precipitation  puts  very  rigid  requirements  on  what  we 
choose  as  a  "nearly  pure"  proton-H  atom  aurora.  Since 
electron  precipitation  produces  so  many  upgoing  elections 
compared  to  the  proton-H  atom  precipitation,  it  takes  very 
little  precipitating  electron  flux  in  a  so-called  pure  proton 
aurora  to  overwhelm  those  electrons  produced  from  the 
protons  and  H  atoms.  Furthermore,  since  the  focus  of  our 
comparison  will  be  concentrated  on  the  10-200  cV  range,  any 
precipitating  electrons  above  10  cV  can  have  an  effect  This 
means  that  if  we  are  searching  for  a  pure  proton-H  atom 
aurora  and  find  a  case  where  keV-precipitating  protons  are 
present,  it  is  not  sufficient  to  check  that  there  are  no  keV- 
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Plate  1.  An  energy-time  spectrogram  for  electron  and  ion  energy  fluxes  from  the  low  altitude  plasma 
instrument  (LAPI)  on  the  Dynamics  Explorer  2  satellite  on  day  289  of  1981  from  1942  to  1946  UT.  (top) 
Data  ^  for  electrons  at  -6.6®  pitch  angle,  (bottom)  Data  are  for  ions  at  -13.85®  pitch  angle.  A  pitch  angle 
of  0®  is  defined  as  particles  moving  downward  toward  the  Earth.  The  color  bars  on  the  right  give  the  z  axis 
scale  for  the  data  in  units  of  log  differential  energy  flux  (ergs  cm'^  s"'  sf*  eV*).  The  universal  time  (UT), 
invariant  latitude  (IL),  altitude  (ALT),  and  magnetic  local  time  (MLT)  are  provided  at  the  bottom  of  the 
graph. 


precipitating  electrons.  Rather,  we  also  have  to  take  into 
account  the  precipitating  electrons  with  energies  of  tens  to 
hundreds  of  eVs.  Another  source  of  these  low-energy 
electrons  that  should  be  minimized  is  photoelectron 
production  below  the  satellite.  Photoproduction  above  the 
satellite  is  no  problem  as  it  is  accounted  for  by  the  boundary 
conditions. 

4.  Observations  and  Qualitative  Comparison 

The  LAPI  flown  on  the  DE  2  consisted  of  15  individual 
parabolic  electrostatic  analyzers  designed  and  mounted  to 
obtain  detailed  pitch  angle  distributions  of  ions  and  electrons 
as  a  function  of  energy.  During  the  period  of  observation 
utilized  for  this  paper,  data  from  eleven  analyzers  comprising 
ten  electron  and  six  ion  spectra  were  available  every  Is.  Six 
of  the  electron  spectra  and  two  of  the  ion  spectra  were  for 
downgoing  pitch  angles  (0®  to  90®).  The  remaining  four 
electron  and  four  ion  spectra  were  for  upgoing  pitch  angles 
(90®  to  180®).  The  energy  range  of  the  measurements  was 
from  5  eV  to  27  keV  with  an  energy  resolution  of  32%. 


The  observations  that  we  have  chosen  to  focus  on  come 
from  one  pass  on  day  289  in  1981  when  DE  2  passed  through 
both  an  electron  aurora  and  then  through  a  fairly  pure  proton 
aurora.  This  can  be  seen  in  Plate  1,  which  is  an  energy-time 
spectrogram  from  this  pass  for  the  time  period  1942  to  1946 
UT.  The  top  panel  is  a  spectrogram  of  the  electron  energy 
flux  at  a  pitch  angle  of  -6.6®.  The  lower  panel  gives  the  ion 
energy  flux  at  a  pitch  angle  of  -13.85®.  The  calibration  bar 
for  the  color  scale  is  given  to  the  right  of  each  panel. 
Examining  first  the  ion  (lower)  panel,  we  see  the  ion 
precipitation  is  concentrated  between  19:44  and  19:45  UT. 
Turning  to  the  electron  (top)  panel,  the  onset  of  energetic 
precipitating  electrons  is  observed  at  around  19:43:12  UT.  At 
around  19:43:52,  a  fairly  dramatic  softening  of  the  electron 
spectra  is  seen  when  the  peak  above  2  keV  disappears.  This 
is  followed  at  around  19:44:10  by  a  further  softening  such 
that  for  the  remainder  of  the  panel  the  bulk  of  the  electron 
energy  flux  resides  below  100  eV.  A  comparison  of  the  two 
panels  shows  that  between  19:44  and  19:45,  when  the  ion 
precipitation  is  observed,  only  a  very  weak  electron 
precipitation  is  present.  To  date,  this  is  the  best  case  of  a  pure 
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Figure  4,  The  observed  differential  number  flux  of  electrons  at  a  pitch  angle  of  -163®  (upward  flux)  versus 
energy.  The  solid  curve  is  a  4-s  average  for  a  period  beginning  at  1943:56  UT  on  day  289  of  1981.  The 
dashed  curve  is  a  23-s  average  for  a  period  beginning  at  1944:19  UT  on  the  same  day.  The  diagonal  straight 
lines  are  the  two-count  instrument  sensitivity  levels. 


proton-H  atom  aurora  that  we  have  found.  Note,  in  our 
analysis  we  assume  that  all  detected  ions  are  protons. 

Before  turning  to  our  detailed  modeling,  let  us  examine  the 
observed  upgoing  electrons  produced  by  just  precipitating 
electrons  and  those  produced  by  our  so  called  pure  ion 
precipitation.  In  Figure  4,  we  present  the  observed  upgoing 
electron  flux  at  a  pitch  angle  of  -163.6®.  The  solid  curve  is 
the  average  of  4  spectra  taken  around  19:43:56  UT,  while  the 
dashed  curve  is  the  average  of  23  spectra  taken  over  23 
seconds  starting  at  19:44:19  UT.  The  diagonal  lines  are  the 
respective  sensitivity  curves  (1  count)  and  the  error  bars  are 
the  one  sigma  standard  deviation  calculated  from  the  number 
of  counts.  These  times  were  chosen  because  the  energy  flux 
(-0.2  ergs  cm‘^  s‘*)  in  the  precipitating  electrons  at  19:43:56  is 
about  the  same  as  the  energy  flux  in  the  precipitating  protons 
at  around  19:44:19  UT.  The  idea  is  to  see  how  the 
observations  in  Figure  4  compare  qualitatively  with  the 
calculations  shown  in  Figure  2.  We  sec  that  the  precipitating 
electrons  produce  many  more  upgoing  electrons  than  the 
precipitating  protons.  At  10  eV,  we  see  around  a  factor  of  2 
difference,  but  at  200  eV  the  difference  has  grown  to  around 
2  orders  of  magnitude.  Qualitatively,  this  is  similar  to  the 
difference  predicted  by  the  model(see  Rgure  2)  except  that 
the  model  predicts  a  3  to  4  order  of  magnitude  difference  at 
200  eV.  The  observations  show  a  smaller  difference  because 
we  don*t  have  truly  pure  proton  precipitation.  In  Figure  5,  we 
show  the  observed  downgoing  electron  fluxes  for  these  two 
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times.  A  comparison  of  Figures  4  and  5  shows  that  the  2 
orders  of  magnitude  difference  seen  in  the  upgoing  electron 
fluxes  simply  reflects  a  similar  difference  in  the  downgoing 
electron  fluxes.  Thus,  as  we  will  verify  in  the  next  section, 
even  the  small  amount  of  precipitating  electron  flux  that 
accompanies  the  ion  precipitation  in  our  case  study  will  act  to 
"muddy  the  waters"  when  we  attempt  to  examine  the  upgoing 
electrons  that  result  from  ion  precipitation. 

5.  Quantitative  Comparison 

In  this  section,  we  turn  to  the  details  of  modeling  the 
observations  between  19:44:19  and  19:44:41  UT,  where  the 
nearly  pure  proton  aurora  occurs.  We  begin  by  discussing  the 
specific  inputs  used  for  this  case.  The  neutral  atmosphere 
used  comes  from  MSIS-86  (mass  spectrometer/incoherent 
scatter)  [  Hedin,  1987]  using  the  parameters  appropriate  for 
the  day  of  the  observations.  To  include  the  effects  of 
collisions  between  energetic  and  thermal  electrons,  an 
ambient  electron  density  is  required.  Fbr  this  case,  that 
density  is  given  by  a  profile  that  has  an  F2  peak  density  of 
4.18  X  10^  cm"^,  has  a  peak  height  of  380  km,  and  is 
constrained  to  agree  with  the  DE  2  observed  electron  density 
at  950  km.  These  values  of  the  F2  peak  parameters  fall  well 
within  the  range  of  observations  for  the  auroral  region  during 
periods  of  solar  maximum.  The  most  critical  inputs  are  the 
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Figure  5.  The  same  as  Figure  4  except  that  the  differential  electron  number  flux  is  at  a  pitch  angle  of 
(downward  flux). 


incoming  proton  and  electron  fluxes  used  as  boundary 
conditions  at  the  satellite  altitude,  and  they  are  discussed  next 

As  indicated  in  the  previous  section,  ion  data  were 
available  at  two  downgoing  pitch  angles.  Since  the  data  were 
essentially  the  same  at  the  two  pitch  angles,  we  assumed  the 
incoming  ion  flux  was  isotropic  over  the  lower  hemisphere. 
As  can  be  noted  in  the  spectrogram,  the  ion  event  had  fairly 
low  count  rates,  and  it  was  necessary  to  sum  over  all  the 
sweeps  (23)  that  contained  significant  ion  precipitation.  In 
Figure  6,  we  give  the  average  of  the  23  sweeps  (solid  curve) 
and  .  include  error  bars  that  are  again  the  one-sigma  standard 
deviation  calculated  from  the  counting  statistics.  The  solid 
diagonal  curve  is  the  one-count  instrument  sensitivity  level. 
The  dashed  curves  are  two  different  fits  that  are  discussed 
below. 

As  can  be  seen  in  Rgurc  6,  the  data  ends  at  27  keV,  but  we 
have  extrapolated  our  fits  out  to  150  keV.  The  reason  for  this 
is  that  we  have  found  that  the  model  results  for  upgoing 
electron  flux  are  sensitive  to  the  assumed  incident  proton  flux 
above  27  keV.  In  this  case,  extrapolating  with  a  Maxwellian 
(long-dashed  line)  versus  a  kappa  distribution  (short-dashed 
line)  results  in  a  factor  of  3  difference  in  the  inferred  incident 
energy  flux.  A  number  flux  given  by  a  kappa  distribution  has 
the  functional  form  of  E[1  +  E/kEq]"^"*  where  Eq  is  the 
characteristic  energy,  and  the  index  k  is  a  constant.  For  E  <  k 
Eq,  this  gives  a  Maxwellian  flux  and  for  E  >  >  kEq,  a  power 
law  flux.  Hence  the  smaller  the  k  the  larger  is  the  flux  at  high 
energies.  The  value  k  =  3.0  chosen  for  the  fit  was  the 


smallest  value  reported  from  fits  of  observed  ion  energy 
spectra  in  the  plasma  s\iet\\Christon  et  al.y  1989].  In  both 
extrapolations,  a  characteristic  energy  of  8  keV  was  used. 
We  also  fit  the  low-energy  part  of  the  spectrum,  but  we  have 
found  that  the  upgoing  electron  flux  is  insensitive  to  this 
portion  of  the  proton  flux. 

For  the  electron  data,  five  downgoing  pitch  angles  were 
usable.  These  measurements  were  interpolated  onto  the 
energy  grid  required  by  the  model  and  then  averaged  over 
pitch  angle.  We  also  averaged  the  electron  data  over  the  same 
23  sweeps  as  for  the  ion  data. 

As  mentioned  in  the  previous  section,  a  possible  source  of 
low-energy  electrons  is  photoproduction  below  the  satellite. 
During  the  observations,  the  solar  zenith  angle  was  from 
113.6®  to  114.4®.  This  puts  the  terminator  between  680  and 
724  km,  giving  a  potential  photoelectron  source  region  from 
around  700  km  to  the  satellite  altitude  of  around  950  km. 
Calculations,  including  a  photoelectron  source  at  these 
altitudes,  show  that  they  contribute  less  than  a  percent  to  the 
upgoing  electron  flux. 

An  additional  complication  is  that  the  data  were  taken  at  an 
altitude  from  935  to  950  km.  At  this  height,  the  precipitating 
particles  still  have  to  descend  several  hundred  kilometers 
before  any  significant  interaction  occurs  between  the 
precipitating  particles  and  the  neutrals.  The  one  collisional 
process  that  still  can  have  some  effect  at  these  altitudes  is  that 
of  low-energy  electrons  (<  30  eV)  undergoing  energy  loss 
through  Coulomb  collisions  with  the  thermal  electrons.  Thus 
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over  this  altitude  region,  the  energetic  precipitating  particles 
are  primarily  undergoing  adiabatic  motion  in  a  nonuniform 
magnetic  field  (magnetic  mirroring),  a  process  that  is 
neglected  in  the  model.  To  reduce  the  impact  of  this  effect, 
we  have  restricted  our  comparisons  with  data  to  pitch  angles 
near  180  deg.  We  should  note  that  while  this  may  minimize 
the  effect  of  mirroring,  it  does  not  eliminate  it  altogether.  A 
study  of  the  entire  pitch  angle  distribution  of  the  observed 
electrons  will  require  that  the  effects  of  magnetic  mirroring  be 
included  in  the  model. 

The  final  issue  to  discuss  before  presenting  the  results  is 
that  of  proton  beam  spreading.  As  noted  by  Jasperse  and 
Basu  [1982],  at  high  altitudes  (typically  above  300  km)  a 
correction  is  needed  for  the  transverse  beam-spreading  effect. 
This  can  be  estimated  on  the  basis  of  the  woiL  of  Iglesias  and 
Vondrak  [1974].  In  our  case,  the  latitudinal  width  of  the 
proton  precipitation  is  around  160  km,  which  leads  to  a 
correction  factor  of  .65.  But  this  factor  describes  the  net 
reduction  of  the  flux  at  arc  center  at  altitudes  below  the  region 
where  spreading  occurs.  On  the  other  hand,  we  are  interested 
in  the  upgoing  electron  fliix  at  950  km  and  thus  are  interested 
in  the  reduction  of  the  flux  all  through  the  region  where 
spreading  occurs.  This  means  that  ignoring  the  spreading 
should  overestimate  the  upgoing  electron  fliix  and  using  the 
0.65  factor  should  underestimate  the  upgoing  electron  flux. 
Since  a  spreading  factor  will  simply  linearly  scale  the 
contribution  due  to  protons  and  H  atoms,  we  can  do  the 
calculation  using  a  factor  of  1  and  then  after  the  fact  examine 
the  impact  of  this  spreading  uncertainty  on  our  results. 

In  Rgure  7,  we  show  a  comparison  between  the  observed 
upward  electron  flux  and  two  calculations  from  the  electon- 
proton-H  atom  transport  model.  The  solid  curve  is  an  average 
of  23  s  of  data  at  a  pitch  angle  of  163.8°.  The  vertical  error 
bars  are  again  the  standard  deviations  based  on  the  number  of 
counts.  The  horizontal  error  bars  give  the  energy  resolution  at 
each  energy.  The  short-dashed  curve  gives  model  results 
when  the  kappa^  distribution  was  used  in  the  high-energy 
extrapolation  of  the  proton  flux,  and  the  long-dashed  curve  is 
for  the  Maxwellian  extrapolation.  Clearly,  our  results  are 
sensitive  to  the  assumed  extrapolation.  The  calculation  using 
the  kappa  distribution  does  an  excellent  job  reproducing  the 
observed  data,  with  the  modeled  electron  flux  passing  within 
the  error  bars  for  10  out  of  il  data  points.  The  Maxwellian 
gives  a  reasonable  shape  but  does  fall  somewhat  below  the 
data.  The  model  results  are  shown  at  153.5°,  which  is  the 
closest  angle  on  the  calculational  pitch  angle  grid  to  163.8°. 
Since  no  significant  difference  is  predicted  by  the  model 
between  153.5°  and  180.0°,  an  interpolation  to  163.8°  would 
produce  similar  results. 

Since  we  had  to  use  a  case  that  included  both  electron  and 
proton  precipitation,  it  is  of  iiiterest  to  see  how  many  of  the 
upgoing  electrons  are  due  to  protons  and  H  atoms  and  how 
many  are  due  to  electrons.  Rgure  8  shows  the  resultant 
upgoing  electron  flux  from  a  calculation  with  only 
precipitating  protons  (dashed  curve)  and  one  with  oniy 
precipitating  electrons  (solid  curve).  Note,  the  proton-only 
calculation  used  the  kappa  distribution  extrapolation.  We  see 
that  from  10  to  around  100  eV,  the  two  types  of  precipitation 
produce  comparable  amounts  of  upgoing  electrons.  Recall 
that  above  100  eV,  as  seen  previously  in  Rgure  2,  the 
upgoing  electron  flux  is  essentially  entirely  caused  by  the 
precipitating  electrons.  These  calculations  also  allow  us  to 


assess  the  effect  of  using  a  0.65  spreading  factor  in  the 
calculation.  For  those  energies  where  a  little  less  than  half  of 
the  upgoing  flux  is  due  to  protons  and  H  atoms,  the  upgoing 
flux  would  be  reduced  by  15%. 

6.  Discussion  and  Summary 

In  this  paper,  we  have  presented  the  first  comparisons 
between  observations  and  the  results  of  a  fully  coupled  three- 
component  auroral  transport  model.  This  model  solves  for 
the  electron,  proton,  and  H  atom  differential  fluxes  as 
functions  of  altitude,  energy,  and  pitch  angle.  Using  observed 
incoming  electron  and  ion  fluxes  as  boundary  conditions,  we 
have  calculated  the  resulting  upgoing  electron  flux.  In  Rgure 

7,  the  calculated  flux  is  compared  to  the  observed  upgoing 
flux,  and  they  are  in  excellent  agreement.  However,  our 
ability  to  produce  such  agreement  was  dependent  on 
extrapolating  the  observed  incoming  proton  flux  from  30  to 
150  keV  using  a  kappa  distribution  with  k  =  3.0  and  Eq  =  8.0 
keV.  This  raises  two  questions:  (1)  is  the  kappa  extrapolation 
reasonable?,  and  (2)  what  other  uncertainties  should  we 
consider  in  assessing  the  reliability  of  the  agreement? 

In  considering  which  extrapolation  to  use,  we  first 
considered  where  the  observations  were  made.  These  are 
auroral  observations  made  as  the  satellite  is  moving 
equatorward  in  the  premidnight  sector.  Examining  the 
electron  data  in  Plate  1,  we  see  prior  to  19:43:52  energetic 
electron  spectra  that  are  indicative  of  precipitation  from  the 
boundary  plasma  sheet.  The  subsequent  softening  of  the 
electron  spectra  and  the  fact  that  the  satellite  is  moving 
equatorward  in  the  premidnight  sector  suggest  that  the  proton 
precipitation  is  coming  from  the  inner  regions  of  the  central 
plasma  sheet  (CPS).  While  we  have  few  examples  of 
ionospheric  observations  of  proton  spectra  at  energies  aboye 
30  keV,  there  have  been  studies  of  ion  populations  in  the 
CPS  [Christon  et  ai,  1988,  1989,  1991]  which  have  included 
such  energies.  Their  findings  have  been  that  at  high  energies 
(E  >  characteristic  or  peak  energy)  there  is  a  nonthermal 
power  law  tail  which  can  be  fitted  using  a  kappa  distribution. 
With  kappa  distributions  being  normally  observed  in  the 
plasma  sheet,  the  critical  question  for  us  is  whether  they  are 
still  present  when  the  ions  reach  ionospheric  altitudes.  As 
noted  above,  we  have  found  little  ionospheric  proton  data  at 
energies  above  30  keV.  In  one  paper  however,  data  from 
various  instruments  were  combined  to  show  that  proton 
distributions  at  ionospheric  altitudes  have  high-energy  tails 
and  are  the  same  as  those  seen  for  Earthward  streaming 
protons  in  the  outer  boundary  of  the  plasma  sheet  [Lyons  and 
Evans,  1984].  Another  example  of  the  proton  differential 
flux  at  ionospheric  heights  over  the  energies  of  interest  comes 
from  the  Particle  Environment  Monitor  (PEM)  experiment  oh 
board  the  Upper  Atmosphere  Research  Satellite  (UARS) 
[Sharber  et  aL,  1993].  The  spectra  that  are  shown  in  their 
Rgure  4  were  observed  in  the  auroral  zone  at  ari  altitude  of 
585  km  and  the  broadly  peaked  spectra  are  characteristic  of 
precipitation  from  the  CPS.  The  observations  were  made 
during  a  magnetic  storm  arid  an  examination  of  this 
ionospheric  ion  spectrum  shows  a  high-energy  power  law  tail 
similar  to  that  described  by  Christon  et  ai  [1991]  as  typical 
of  CPS  ion  populations.  While  neither  of  the  two  cases  we 
have  just  described  precisely  fits  our  situation  (that  is,  ion 
precipitation  from  the  CPS  during  periods  of  magnetically 
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Figure  6.  The  differential  number  flux  of  ions  at  a  pitch  angle  of  ~14®  (downward  flux)  and  an  altitude  of 
around  950  km  versus  energy.  The  points  on  the  solid  curve  are  the  observed  23»s  averages  for  a  period 
beginning  at  1944:19  UT  on  day  289  of  1981.  The  dashed  curves  are  fits  to  the  data  that  were  used  as  inputs 
to  the  model.  Extrapolations  to  higher  energies  were  used  to  provide  high-energy  tails  for  the  incident  flux. 
The  short-dashed  curve  used  a  kappa  distribution  for  the  extrapolation,  and  the  long-dashed  curve  used  a 
Maxwellian. 


quiet  conditions),  they  indicate  that  the  use  of  a  kappa 
distribution  to  extrapolate  above  30  keV  is  perhaps 
reasonable. 

Is  the  value  of  k  =  3  that  we  have  used  reasonable?  Again, 
turning  to  Christon  et  aL  [1989],  they  report  that  during 
undisturbed  periods  k  ranges  from  3  to  9.5.  We  have  shown 
that  using  k  =  3  gives  excellent  agreement  with  the  data.  If 
we  use  K  =  9.5,  the  model  underestimates  the  data  but  does  a 
better  job  than  that  with  the  Maxwellian.  While  we  have  used 
a  K  at  one  extreme  of  the  observed  range,  we  need  to 
remember  that  the  k  one  determines  depends  critically  on  how 
the  fltting  is  done.  In  the  work  by  Christon  et  aL  [1989],  they 
were  attempting  to  fit  particle  spectra  over  three  decades  in 
energy.  On  the  other  hand,  we  extrapolated  from  around  30 
to  150  keV.  When  we  tried  fitting  a  kappa  function  to  the  ion 
spectrum  given  by  Sharber  et  aL  [1993],  we  found  that  if  wc 
wanted  to  fit  from  74  to  500  keV,  a  K  =  6.5  does  a  reasonable 
job.  However,  if  we  fit  from  40  to  150  keV,  a  k  range  of  3.5 
to  4.5  gives  reasonable  results.  Thus  given  the  data  currently 
available,  we  conclude  that  a  k  =  3  is  certainly  a  possibility, 
but  questions  concerning  its  probability  will  have  to  wait  until 
more  observations  are  available. 

We  now  discuss  the  other  uncertainties  we  have  to  deal 
with.  At  the  top  of  the  list  is  the  question  of  cross  sections. 
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In  particular,  those  cross  sections  for  collisions  between 
energetic  protons-H  atoms  and  the  neutral  species  of  the 
atmosphere.  We  focus  on  proton-H  atom  cross  sections 
because  typically  the  various  electron  cross  sections  are  much 
better  known.  In  general,  the  cross  sections  for  proton-H 
atom  collisions  with  N2  and  O2  are  measured  and  the  quoted 
accuracies  are  typically  ±20-30%.  On  the  other  hand,  the 
collisions  involving  atomic  oxygen  are  not  measured,  and  one 
has  to  resort  to  "estimates"  based  on  other  cross  sections.  The 
one  exception  is  for  charge-changing  collisions  for  which 
measurements  have  been  made  with  quoted  accuracies  of 
25%,  but  at  present  there  are  still  factors  of  2  disagreement 
between  some  of  these  measurements.  We  have  not 
performed  a  systematic  sensitivity  study  involving  all  the 
cross  sections.  However,  we  have  looked  at  the  effect  of 
changing  the  atomic  oxygen  ionization  cross  section.  The 
reason  for  this  is  that  we  have  found  that  for  energies  less 
than  100  eV,  over  90%  of  the  upgoing  electron  flux  at  950  km 
originates  from  above  200  km.  Hence  collisions  with  oxygen 
are  playing  a  dominant  role  in  producing  the  upgoing  electron 
flux.  The  variation  we  considered  was  to  use  our  O2 
ionization  cross  section  for  the  O  ionization  cross  section.  In 
the  past,  various  O  cross  sections  have  sometimes  been 
estimated  to  be  some  fraction  of  the  O2  cross  section,  and  we 
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Figure  7.  The  differential  number  flux  of  electrons  at  an  altitude  of  950  km  versus  energy.  The  points  on  the 
solid  curve  are  the  observed  23-s  averages  at  a  pitch  angle  of  -163.8®  for  a  period  beginning  at  1944:19  UT 
on  day  289  of  1981.  The  dashed  curves  are  theoretical  fluxes  at  a  pitch  angle  of  153.5®.  The  short-dashed 
curve  used  a  kappa  distribution  to  extrapolate  the  incident  proton  flux  and  the  long-dashed  curve  used  a 
Maxwellian. 


feel  that  using  the  total  O2  cross  section  represents  a 
maximum  upper  bound  for  the  O  cross  section.  In  the  case  of 
ionization  of  O  by  proton  or  H  atoms,  this  represents  an 
increase  of  around  a  factor  of  2  near  the  peak  (-  60  keV)  of 
the  cross  section.  The  effect  of  this  change  in  the  k  =3 
calculation  was  to  increase  the  upgoing  electron  flux  below 
100  eV  by  up  to  25%.  Between  100  and  200  eV,  the  effect 
drops  to  less  than  a  percent  as  the  upgoing  electron  flux 
becomes  dominated  by  the  electron  precipitation.  Since  the 
protons  are  responsible  for  a  little  less  than  half  of  the 
upgoing  flux,  this  means  the  upgoing  flux  produced  by 
protons  and  H  atoms  increased  by  up  to  60%.  Using  the 
enhanced  O  cross  section  in  the  Maxwellian  calculation 
produces  a  smaller  effect  of  a  12%  increase.  It  is  smaller  in 
this  case,  because  with  the  Maxwellian  extrapolation  the 
protons  contribute  only  around  20%  of  the  total  upgoing 
electrons.  What  this  then  says  is  that  by  using  a  range  of  O 
cross  sections  between  our  present  cross  section  and  our 
upper  bound  cross  section,  a  range  of  kappas  could  be  found 
to  fit  the  data.  On  the  other  hand,  even  using  the  upper  bound 
cross  section  is  not  sufficient  to  bring  the  Maxwellian  case 
into  agreement  with  the  data. 

Two  other  uncertainties  have  already  been  discussed  in  the 
previous  section:  proton  beam  spreading  and  mirroring.  As 
discussed,  beam  spreading  would  tend  to  lower  the  calculated 
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fluxes  and  would  make  agreement  worse  for  those 
extrapolations  that  already  lead  to  underestimates  of  the  data. 
For  the  extrapolation  presented  here,  we  estimated  its 
maximum  effect  might  be  to  cause  a  15%  reduction  in  the 
upgoing  flux.  The  effect  of  mirroring  is  much  less  clear  cut. 
Monte  Carlo  calculations  [Kozelovy  1993]  have  shown  that 
minoring  of  the  protons  tends  to  reduce  the  downward  proton 
and  H  atom  flux  by  something  like  5-20%  but  creates  an 
upward  flux  above  200  km  that  can  be  up  to  10%  of  the 
downgoing  flux.  Without  doing  a  calculation  that  includes 
mirroring,  it  is  difficult  to  determine  whether  niirroring 
creates  a  net  increase  or  decrease  to  the  upgding  electron  flux. 
We  would  exf>ect  that  whatever  the  effect,  it  will  be  less  than 
10%. 

In  Figure  8,  we  showed  that  from  10  to  100  eV  a  little 
more  than  half  of  the  upgoing  flux  is  due  to  electron 
precipitation  with  the  remainder  being  produced  by  the 
proton-H  atom  precipitation.  This  means  that  any  uncertainty 
in  the  electron  transport  calculation  is  as  important  as  that  in 
the  proton-H  atom  transport  calculation.  While  there  have 
been  many  more  opportunities  to  test  electron  transport 
calculations,  we  have  found  few  examples  where  the  upgoing 
electrons  due  to  electron  precipitation  have  been  modeled  and 
compared  to  data.  In  calculations  we  have  made  involving 
photoelectrons  and  the  polar  rain  [Decker  et  al.^  1990],  we 
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UPGOING  ELECTRONS  THEORY 


Figure  8.  Theoretical  differential  electron  number  flux  at  a  pitch  angle  of  153.5®  and  an  altitude  of  950  km 
versus  energy.  The  solid  curve  is  from  the  calculation  using  only  the  observed  incident  electron  flux  as  the 
incident  flux.  The  dashed  curve  is  for  the  case  where  only  the  observed  incident  ion  flux  is  used  as  the 
incident  flux. 


found  the  low-energy  upgoing  electrons  (<  80  eV)  were  about 
25%  below  LAPI  observations.  A  topic  for  future  study  will 
be  to  perform  a  study  on  upgoing  electrons  in  a  pure  electron 
aurora.  One  issue  we  have  been  able  to  explore  is  that  of  the 
role  of  electron-electron  collisions  in  determining  the  low- 
energy  upgoing  electrons.  The  electron  density  profile  used 
was  selected  precisely  to  give  the  fit  seen  in  Figure  7  for  the  k 
=  3  case.  We  found  that  turning  off  the  electron-electron 
collisions  had  a  significant  effect  at  energies  below  30  eV. 
For  example,  at  1 1.5  eV  the  upgoing  flux  increased  by  over  a 
factor  of  2  when  the  Coulomb  collisions  were  turned  off. 
Thus,  at  energies  below  30  eV  the  assumed  electron  density 
profile  is  as  critical  as  the  assumed  extrapolation  for  the  high- 
energy  protons  in  determining  the  upgoing  electrons. 

The  final  uncertainty  we  wish  to  discuss  is  in  the  LAPI 
measurements  themselves.  Laboratory  calibrations  give  a 
relative  instrumental  uncertainty  of  the  LAPI  analyzers  of  ± 
23%.  It  is  the  relative  calibration  rather  than  the  absolute  that 
is  critical  in  this  case  because  both  the  inputs  to  (downgoing 
electrons  and  protons)  and  the  outputs  from  (upgoing 
electrons)  the  linear  transport  model  are  measured  by  LAPI. 
Hence  any  absolute  uncertainty  would  shift  both  the  inputs 
and  the  outputs  but  not  effect  the  quality  of  our  agreement 
between  model  and  data.  The  observations  used  in  this  paper 
were  taken  within  the  first  few  months  of  the  DE  2  flight  and 
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there  was  no  evidence  of  any  degradation  nor  was  any 
anticipated  at  that  point  in  the  life  of  the  instrument 

The  effect  of  all  the  above  uncertainties  is  that  there  is  a 
range  of  k  that  could  produce  excellent  fits  to  the  data  both 
in  shape  and  magnitude.  On  the  other  hand,  to  produce  an 
equally  good  fit  to  the  data  using  a  Maxwellian  extrapolation, 
while  not  impossible,  would  require  taking  fiill  advantage  of 
the  relative  uncertainties  of  the  instrument  as  well  as 
judicious  choice  of  adjusted  cross  sections. 

Clearly,  more  definitive  tests  of  the  model  will  require 
better-known  cross  sections,  as  well  as  more  comprehensive 
observations.  While  PEM  on  UARS  holds  some  promise  for 
providing  ion  data  over  a  larger  energy  range,  for  the 
foreseeable  future  validating  proton/H  atom  transport  models 
will  continue  to  be  a  difficult  task.  However,  two  conclusions 
regarding  the  proton  aurora  can  be  derived  from  the  present 
study.  First,  the  observations  presented  do  support  the 
prediction  of  the  model  (as  discussed  in  sections  3  and  4)  that 
the  secondary  spectra  due  to  protons  and  H  atoms  is  much 
softer  than  that  produced  by  precipitating  electrons.  This  is 
shown  in  Figure  4,  where  we  can  see  that  an  electron  aurora 
of  the  same  energy  flux  as  a  proton  aurora  produces 
significantly  more  upgoing  electrons  over  the  energy  range  of 
10  to  1000  eV.  The  other  conclusion  of  this  study  is  that  the 
incoming  proton  differential  flux  at  ionospheric  altitudes  most 
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likely  has  a  power  law  behavior  at  high  energies.  If  this  is  the 
typical  situation,  it  implies  that  determinations  of  total  energy 
flux  from  instruments  with  low-energy  cutoffs  by  assuming  a 
Maxwellian  distribution  [Hardy  et  al.,  1989]  may  seriously 
underestimate  the  flux.  For  example,  in  the  case  discussed  in 
this  paper  when  we  fitted  with  the  Maxwellian,  we  estimated 
a  total  energy  flux  of  -0.2 1  ergs  cm’^  s  '  whereas  when  fitted 
with  a  kappa  distribution  with  k  =  3  the  total  energy  flux  was 
-0.63  ergs  cm*^  s  '.  A  similar  point  for  the  plasma  sheet  is 
discussed  in  Christon  et  al.  [1991].  Since  various  ionospheric 
effects  of  the  proton  aurora  have  been  previously  calculated 
[Strickland  et  aL,  1993]  by  assuming  a  Maxwellian 
distribution,  these  calculations  should  be  repeated  using 
kappa  distributions  in  order  to  fully  assess  the  impact  of  these 
high-energy  power  law  tails. 
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Abstract.  Three  methods  for  calculating  the  transport  of  energetic  protons 
and  hydrogen  atoms  within  the  earth’s  atmosphere  are  compared.  The  methods  are 
(1)  a  Monte  Carlo  (MC)  simulation,  (2)  a  discrete  energy  loss  solution  to  the  linear 
transport  equations,  and  (3)  a  continuous  slowing  down  approximation  (CSDA).  In  the 
calculations  performed,  all  three  models  use  the  same  cross  sections,  three  component 
(N2, 02, 0)  neutral  atmosphere,  and  incident  isotropic  Maxwellian  proton  fluxes  of 
various  characteristic  energies  (1-20  keV).  A  variety  of  quantities  are  calculated  and 
compared  including  energy  deposition  rates,  eV/ion  pair,  hemispherically  averaged 
differential  fluxes  of  protons  and  H  atoms,  energy  integrated  differential  fluxes  and 
total  proton  and  H  atom  fluxes.  The  agreement  between  all  three  models  is  excellent 
except  at  the  lowest  altitudes.  Apart  from  these  altitudes,  the  differences  that  do  exist 
are  small  compared  to  the  errors  that  generally  result  from  poorly  known  inputs  and 
compared  to  the  typical  errors  quoted  for  geophysical  observations.  The  altitudes  where 
the  results  do  differ  significantly  are  where  the  proton  and  H  atom  fluxes  are  severely 
attenuated  and  are  below  the  altitudes  where  the  bulk  of  the  energy  deposition  and 
ionization  takes  place. 
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1.  Introduction 

It  is  well  established  that  an  essentially  permanent  feature  of  the  Earth’s  high 
latitude  atmosphere  is  the  presence  of  auroral  particle  fluxes.  It  is  also  well  known 
that  these  precipitating  fluxes  from  the  magnetosphere  consist  of  mostly  electrons  and 
protons  with  a  small  admixture  of  other  ions.  Early  ground-based  optical  observations 
[Romick  and  Elvey,  1958;  Galperin,  1959]  indicated  that  electron  and  proton  aurora 
could  have  separated  latitudinal  distributions.  Later  satellite  observations  of  the 
precipitating  particles  established  that  statistically  the  electron  and  protons  precipitate 
within  two  ovals  that  are  not  co-located[5har6er,  1981;  Hardy  et  al,  1989).  Further,  an 
examination  of  the  the  Hardy  statistical  models  [Hardy  et  al,  1987,  1991]  reveals  that 
in  the  afternoon  and  evening  sectors  the  ions  at  the  lower  auroral  latitudes  can  carry  a 
significant  portion  of  the  incoming  energy  flux.  Thus  in  order  to  study  the  dissipation 
of  auroral  energy  within  the  earths  atmosphere,  it  is  necessary  to  study  not  just  the 
transport  and  collisional  degradation  of  energetic  electrons  but  also  those  of  protons. 

The  transport  of  energetic  protons  •within  matter  is  a  problem  that  has  been  studied 
for  a  'variety  of  physical  situations.  In  the  case  of  transport  of  auroral  protons  'within 
the  atmosphere  there  are  several  features  that  add  to  the  difficulty  of  the  problem. 
Some  of  those  features  are  (1)  auroral  proton  energies  can  be  less  than  the  energy  of  the 
maximum  of  the  ionization  cross  section,  (2)  there  is  a  large  gradient  of  the  atmospheric 
density  'with  respect  to  altitude,  and  (3)  the  Earth’s  magnetic  field  is  present.  The 
first  feature  requires  detailed  knowledge  of  cross  sections  since  simple  estimations  (Bom 
approximation)  of  cross  sections  are  not  valid.  Further,  at  auroral  energies  the  charge 
changing  processes  have  to  be  included  and  this  introduces  energetic  hydrogen  (H) 
atoms  into  the  problem.  The  effect  of  the  large  gradient  in  the  atmosphere  is  to  create 
a  strong  altitude  dependence  in  the  mean  free  path  of  the  protons  and  H  atoms.  Hence 
the  behavior  of  the  particle  flux  is  highly  dependent  on  altitude.  The  presence  of  the 
Earth  s  magnetic  field  acts  to  cause  the  protons  to  follow  fieldlines  into  the  ionosphere. 
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However,  the  H  atoms  are  not  constrciined  by  the  magnetic  field.  This  coupled  with  the 
altitude  dependent  mean-free  path  results  in  a  lateral  spreading  of  the  p-H  flux  at  high 
altitudes  but  essentially  no  spreading  at  low  altitudes.  Finally,  a  feature  that  can  be  a 
useful  simplification  in  ciny  modeling  is  that  all  the  collision  processes  involving  protons 
and  H  atoms  axe  strongly  peaked  in  the  forwaxd  direction.  However  at  very  low  energies 
{E  <  IkeV)  energy  loss  due  to  elastic  collisions  does  become  significant. 

There  have  been  several  treatments  of  p-H  transport  that  have  appeared  in  the 
literature.  They  can  be  generally  categorized  as  range  theoretic,  continuous  slowing 
down,  linear  transport  theoretic,  and  Monte-Carlo.  The  raxige  theoretic  method  is  based 
on  laboratory  measurements  of  range  energy  relations  for  protons  in  air  or  its  theoretical 
approximations  and  has  been  used  in  the  works  of  Eather  [1966,  1967,  1970],  Isaev 
and  Pudovkin  [1972],  Henriksen  [1979],  and  Rees  [1982].  The  continuous  slowing  down 
approximation  (CSDA)  uses  more  detailed  information  about  scattering  processes  and 
was  used  for  the  auroral  proton  problem  in  Edgar  et  al.  [1973,  1975].  Work  on  analytic 
estimations  of  lateral  spreading  of  p-H  flux  [Johnstone,  1974;  Iglesias  and  Vondrak, 
1974]  also  can  be  classified  as  using  the  CSDA. 

In  more  recent  years,  Hnear  transport  (LT)  theory  has  been  used  to  solve  for  the 
aurorcd  proton  and  H  atom  fluxes.  In  Jasperse  and  Basu  [1982]  the  coupled  transport 
equations  based  on  the  Boltzmann  equation  were  solved  analytically  and  in  a  follow  on 
paper  [£csn  et  al.,  1987]  theoretically  calculated  electron  density  profiles  due  to  incident 
protons  were  found  in  good  agreement  with  Chatanika  radar  data.  This  in  turn  was 
followed  by  the  development  of  a  fully  numerical  code  for  solving  the  linear  transport 
equations  [  Basu  et  al,  1990]. 

The  Monte-Carlo  (MC)  method  has  been  applied  to  the  auroral  proton  problem 
by  Davidson  [1965],  Ponomarev  [1976],  Galperin  et  al.  [1976],  and  Kozelov  and  Ivanov 
[1992].  Most  recently,  Kozelov  [1993]  has  implemented  the  method  using  a  full  three 
species  neutral  atmosphere  and  the  influence  of  the  Earth’s  magnetic  field.  While 
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computationally  intensive  the  Monte-Caxlo  method  does  have  the  advantage  of  including 
processes,  such  as  beam  spreading  or  mirroring,  that  axe  difficult  to  treat  in  the  other 
approaches. 

Assessing  the  VEilidity  of  any  approach  usually  involves  either  ‘back  of  the  envelope’ 
estimates  of  neglected  processes,  a  posteriori  calculations  of  those  processes,  comparisons 
to  observations,  or  comparisons  to  alternative  approaches.  The  difficulty  in  comparing 
approaches  is  that  when  comparing  to  results  of  other  authors  there  are  often  differences 
in  cross  sections,  boundary  conditions,  and  geophysical  conditions  that  confuse  the  issue 
of  comparing  methods.  MC  and  CSDA  models  with  the  same  input  parameters  were 
compared  by  Porter  and  Green  [1975],  but  the  comparison  was  only  for  homogeneous 
molecular  nitrogen  and  the  initial  proton  flux  was  taken  as  isotropic  and  monoenergetic 
with  initial  energy  1  keV.  More  extensive  comparisons  for  a  N2  atmosphere  were  made 
in  Kozelov  and  Ivanov  [1992].  They  considered  initial  energies  form  1  keV  to  1  MeV.  For 
initial  energies  less  than  10  keV,  difierences  were  found  near  the  high  altitude  boundary 
and  at  lowest  altitudes  of  penetration. 

The  purpose  of  this  paper  is  to  compare  three  methods  for  calculating  the  transport 
and  coUisional  degradation  of  energetic  protons  and  H  atoms  in  the  earth’s  ionosphere 
using  identical  cross  sections,  boundary  conditions,  and  geophysical  conditions.  We 
will  show  that  for  several  quantities  the  differences  between  the  three  methods  are 
reasonably  small  compared  to  the  model  uncertainties  that  arise  from  uncertainties  in 
the  required  inputs  (cross  sections,  neutral  densities,  and  boundary  conditions)  and  the 
uncertainties  in  the  available  observations  (particle  fluxes,  optical  emissions,  and  ion 
densities).  The  three  methods  considered  are  the  CSDA,  LT,  and  MC.  In  section  2  we 
briefly  describe  the  three  models  used.  A  more  detailed  discussion  of  the  relationship 
between  the  CSDA  and  LT  models  is  given  in  an  appendix.  After  a  discussion  in  section 
3  concerning  the  physical  processes  and  input  parameters  included  in  all  three  models, 
we  present  in  section  4  the  comparison  of  the  various  results  from  the  models.  The 
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paper  concludes  with  a  discussion  and  summary  in  section  5. 


2.  Description  of  theoretical  models 

2.1  Continuous  slowing-down  approximation  (CSDA) 

The  CSDA  describes  the  degradation  of  the  energetic  particle’s  energy  in  terms  of 
loss  functions.  For  a  mono-energetic  mono-directional  p-H  flux  the  equation  for  energy 
loss  is  given  by 

dE  La,p{E)^p{z,  E,  fx)  +  La,R{E)^E{z,  E,  ll) 

^  dz  ^p{z,E,ii)-\-^E{z,E,^i) 

where  $’s  are  the  energetic  particle  fluxes,  z  is  the  altitude,  n  is  cosine  of  the  pitch 
angle,  and  ndz)  are  the  densities  for  neutral  specie  a.  La^{E)  and  La,E{E)  are  the  loss 
functions  for  the  protons  and  H  atoms  due  to  collisions  with  neutral  gases  and  are  given 
by 
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where  is  the  cross  section  for  a  type  j  collision  between  a  proton  ajid  a  neutral 

specie  a  and  is  the  corresponding  energy  loss.  Similarly, 

are  the  cross  sections  and  the  energy  loss  for  collisions  involving  H  atoms. 

Usually  the  loss  function  is  defined  for  a  charge  state  equilibrium  flxix  [Porter  and 
GreeUy  1975].  Here,  in  an  implementation  developed  by  Kozelov,  the  loss  function  is 
defined  using  the  nonequilbrium  fiux  that  describes  the  modification  of  the  flux  charge 
state  composition.  The  nonequilbrium  flux  is  calculated  using  the  following  equations 
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where  and  are  the  total  cross  sections  for  charge  exchange  and  stripping 
respectively.  The  calculational  procedure  consists  of  solving  equations  (1),  (4)  and  (5) 
on  a  altitude,  energy  and  pitch  angle  grid  with  the  incoming  flux  at  the  high  altitude 
boundary  being  approximated  by  a  set  of  mono-energetic  mono-directional  particle 
streams.  A  more  detailed  discussion  of  the  CSDA  can  be  found  in  the  Appendix. 

2.2  Linear  Transport  (LT)  model 

The  fundamental  feature  of  the  LT  model  is  the  use  of  transport  theoretic  methods 
to  solve  two  coupled  Boltzmann  equations  for  the  proton  and  H  atom  differential  fluxes. 
In  solving  these  equations,  we  assume  steady-state  conditions,  no  electric  fields,  a 
uniform  geomagnetic  field  (no  magnetic  mirroring),  and  azimuthal  symmetry  about 
the  geomagnetic  field  line.  The  coUisional  processes  included  are  the  various  types  of 
collisions  between  the  energetic  precipitating  particles  and  the  neutral  constituents  of 
the  ionosphere.  The  protons  and  H  atoms  are  coupled  to  each  other  by  charge-changing 
collisions  with  neutrals  (charge  exchange  and  stripping).  The  two  transport  equations, 
discussions  of  the  various  collision  processes,  and  the  numerical  methods  for  solving  the 
equations  can  be  foimd  in  Basu  et  al.  [1993]  and  will  not  be  given  here.  A  discussion  of 
the  relationship  between  the  linear  transport  theory  and  the  CSDA  can  be  found  in  the 
Appendix. 

2.3  Monte  Carlo  model  (MC) 

The  MC  model  uses  a  ‘collision-by-coUision’  algorithm  which  is  based  on  simulating 
the  individual  trajectories  of  a  large  number  of  protons  and  H  atoms.  The  ‘history’  of 
each  particle  is  represented  cis  a  series  of  collisions  that  are  separated  by  segments  of  free 
streaming  within  a  magnetic  field.  The  selection  of  the  path  length  between  collisions 
and  the  coUisional  parameters  is  made  by  mapping  into  a  random  number,^,  generated 
uniformly  in  the  range  0-1. 
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The  altitude  of  the  particle  after  the  {i  +  1)'**  path  length  is  determined  from  the 
formula 

^•+1  j 

(6) 


where  z,-  is  the  altitude  before  the  (i  + 1)-**  path  length,  (Ja^{Ei)  is  the  total  cross  section 
of  the  particle  in  gas  a,  Ei  is  the  particle’s  energy  after  the  collision,  /3  is  the  charge 
state  of  the  particle  (p  or  H).  The  neutral  species  with  which  the  (t  +  1)^‘  collision 
occurred  are  determined  by  random  sampling  using  the  probabilities  ^aiz)/J2a^a{z), 
where  a  is  N2,  O2,  or  0.  The  type  of  collision  is  also  selected  by  random  sampling  using 
probabilities  a^  {Ei)f(j*'^^{Ei),  where  j  is  the  type  of  collision.  When  a  collision  occurs 
the  energy  of  the  particle  is  decreased  based  on  the  type  of  collision  used.  In  the  case 
of  charge  exchange  or  stripping  collisions  the  charge  state  of  the  particle  is  modified. 
To  simulate  an  initial  Maxwellian  energy  distribution  at  the  high  altitude  boundary 
we  divide  the  full  energy  range  into  10-12  energy  channels  and  place  within  each 
channel  8000  to  24000  protons.  The  cosine  of  the  initial  pitch  angle  for  each  pzirticle  is 
determined  from  the  expression  ft  =  cos  $  =  where  ^  is  a  random  number  generated 
uniformly  in  the  range  0-1.  During  the  simulation  of  a  particle’s  trajectory  its  location 
is  stored  along  with  the  various  quantities  needed  for  determining  such  quantities  as  the 
particle  fluxes,  energy  deposition,  ionization  rates,etc.  The  results  of  the  simulation  are 
processed  by  statistical  methods.  If  we  have  N  realizations  of  a  random  variable  a:,  then 
the  average  value  is  taken  as  x  =  ^  SjLi  The  statistical  error.  Ax,  is  estimated  from 
expressions 


Ax  =  CVni,  X^(x.-  -  x)^ 

where  x  is  the  random  value,  x,-  is  the  realization  of  the  value,  Dx  is  the  dispersion. 
If  C  «  1.4,  then  the  probability  that  the  value  x  €  [x  -  Ax,x  -f-  Ax]  is  equal  to  0.7. 
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3.  Inputs 

In  order  to  facilitate  our  comparison,  we  wanted  to  maie  the  geophysical  inputs, 
the  microscopic  parameters,  and  the  physical  processes  included  in  the  three  models  as 
identical  as  possible.  Considering  the  physical  processes,  we  find  that  all  three  models 
include  the  transport  and  degradation  of  protons  and  neutral  hydrogen  atoms  as  they 
collide  with  the  neutral  species  of  the  ionosphere.  The  CSDA  and  LT  assume  a  uniform 
magnetic  field(  no  mirroring)  and  a  plane  parallel  geometry  (no  spreading),  on  the  other 
hand  the  MC  method  can  handle  the  effects  of  magnetic  mirroring  as  well  as  lateral 
spreading  of  the  energetic  particles.  For  these  comparisons,  magnetic  mirroring  and 
lateral  spreading  were  turned  off  in  the  MC  calculations.  Similarly,  both  CSDA  and  LT 
assume  forward  scattering  while  MC  can  include  angular  scattering.  Again  we  simplify 
the  MC  model  and  use  the  forward  scattering  approximation  in  all  calculations  for  this 
paper. 

By  microscopic  parameter  we  are  referring  to  the  various  cross  sections  and  energy 
losses  that  are  needed  by  the  models.  The  MC  and  CSDA  use  a  more  extensive  set  than 
is  used  by  the  LT  model.  While  what  cross  sections  are  used  can  have  serious  impact 
when  comparing  to  observations,  the  critical  point  here  is  to  have  all  three  models  use 
the  same  set.  We  chose  to  use  the  simpler  LT  set  as  described  in  Basu  et  al.  [1993]. 
The  one  exception  is  that  for  the  average  energy  of  the  ejected  electron  in  the  stripping 
process  we  use  the  same  expression  as  is  used  for  the  ionization  process.  This  was  done 
simply  as  a  convenience  for  making  the  comparison  between  the  three  models. 

Finally  let  us  turn  to  what  we  call  the  geophysical  conditions,  that  is  the  neutral 
atmosphere  and  the  incoming  particle  flux.  The  neutral  atmospheric  densities  (N2,  O2, 
and  O)  and  the  neutral  temperature  as  a  function  of  altitude  are  obtained  from  the  mass 
spectrometer/incoherent  scatter  (MSIS-86)  neutral  atmosphere  model  [Hedin,  1987]. 
The  MSIS-86  parameters  used  were  an  F10.7  and  a  81  day  averaged  F10.7  value  of  150, 
a  daily  Ap  of  20,  a  geographic  latitude  of  65“  north,  a  longitude  of  35“  east,  a  local 
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solar  time  of  24,  and  a  date  of  December  16,  1993.  All  calculations  have  a  boundary 
altitude  at  700  km  and  an  incident  isotropic  proton  flux  that  has  a  MaxweUicin  energy 
distribution. 

4.  Results 

Calculations  were  made  using  the  models  for  a  range  of  Maxwellian  characteristic 
energies  (1-20  keV)  and  an  incident  energy  flux  of  0.5  ergs  cm~^sec~^.  The  results 
in  all  cases  were  similar  so  we  will  present  detailed  comparisons  for  just  one  case:  a 
characteristic  energy  of  8  keV  and  a  minimum  energy  of  500  eV.  In  Figures  lar-lf, 
we  show  the  hemispherically  averaged  differential  flux  for  the  protons  and  H  atoms  at 
several  selected  altitudes.  In  this  and  in  the  following  flgures,  the  CSDA  results  are 
given  by  the  dotted  curves,  the  LT  by  the  dashed  curves  and  the  MC  by  either  squares 
or  error  bars.  The  statistical  error  in  the  MC  results  is  either  indicated  by  the  error 
bars  or  is  smaller  than  the  size  of  the  square  symbols  used  in  the  plots.  At  550  km, 
150  km  below  the  boundary  altitude,  we  see  that  the  proton  energy  distributions  from 
all  three  models  are  in  excellent  agreement.  Likewise  the  H  atom  plot  shows  excellent 
agreement,  though  the  MC  simulation  is  a  bit  ’’noisy”  due  to  the  lack  of  particles  as  the 
H  atom  flux  builds  up  from  a  starting  value  of  zero  at  the  boundary.  At  250  km  (Fig. 
lb)  the  agreement  remains  excellent  between  all  three  models.  While  the  shape  of  the 
spectra  are  little  changed,  the  H  atom  flux  has  continued  to  increase  at  the  expense  of 
the  proton  flux.  Descending  further  to  152  km  (Fig.  Ic),  we  see  that  the  low  energy  part 
of  the  spectra  have  fiUed  in  as  particles  cascade  down  from  higher  energies.  The  MC 
shows  a  little  more  noise  at  the  lowest  energies,  but  the  agreement  remains  fairly  good 
between  all  models.  Dropping  to  lower  altitudes,  the  low  energy  portion  of  the  spectra 
continue  to  increase  and  with  the  three  models  still  in  reasonable  agreement  reach  a 
maximum  around  118  km  (Fig.  Id).  Though  we  do  see  a  clear  seperation  between  the 
CSDA  and  LT  results  at  lower  energies.  At  110  km  (Fig.  le),  the  magnitude  of  the 
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spectra  at  all  energies  have  decreased  and  the  CSDA  and  LT  continue  to  show  a  clear 
seperation.  Finally  just  4  km  lower  at  106  km  (Fig.  If),  the  CSDA  and  LT  are  showing 
larger  differences  and  the  error  in  the  MC  results  have  grown  to  the  point  that  it  is 
difficult  to  decide  if  it  agrees  more  with  the  CSDA  or  the  LT  model. 

Having  considered  the  energy  distribution  of  the  fluxes  averaged  over  pitch  angle,  let 
us  now  turn  to  plots{Figures  2a-2g)  of  the  differential  flux  integrated  over  energy  versus 
the  cosine  of  the  pitch  angle.  At  670  km  (Fig.  2a),  we  see  an  isotropic  proton  flux  with 
all  three  models  in  excellent  agreement  and  a  much  smaller  H  atom  flux  that  has  had 
only  30  km  to  build  up  from  zero  flux  at  the  boundary.  The  H  atom  flux  is  largest  near 
90“  pitch  angle  where  the  protons  have  undergone  the  greatest  number  of  collisions. 
Figures  2b  and  2c  illustrate  the  build  up  of  the  H  atom  flux  at  lower  altitudes.  At  550 
km,  we  see  the  build  up  is  still  largest  at  pitch  angles  near  90°,  though  by  250  km  the 
pitch  angle  distributions  for  both  protons  and  H  atoms  are  isotropic.  Through  this 
range  of  altitudes  the  models  have  remained  in  excellent  agreement.  At  250  km  the  MC 
proton  result  is  low  compared  to  the  CSDA  and  LT  for  the  pitch  angle  nearest  to  90° 
{cosine  =  —.05).  This  diflference  is  apparently  from  a  slight  numerical  oscillation  in  the 
altitude  dependence  of  the  MC  results  for  this  particular  pitch  angle.  Down  at  152  km 
(Fig.  2d),  the  fluxes  remain  isotropic  and  the  models  remain  in  good  agreement  except 
near  90  where  signiflcant  fall  off  of  the  flux  is  observed.  The  CSDA  shows  the  largest 
decrease  followed  by  the  LT  and  then  the  MC  results.  By  118  km  (Fig.  2e),  the  results 
at  pitch  angles  closer  to  90°  are  showing  large  decreases  in  the  fluxes  as  well  as  some 
separation  between  the  models.  On  the  other  hand,  nearer  to  180°,  the  fluxes  are  still 
large  and  all  three  models  remain  in  good  agreement.  As  was  seen  earlier,  when  there 
is  a  significant  reduction  in  the  flux,  it  is  the  CSDA  which  shows  the  greatest  decrease. 
At  any  particular  pitch  angle,  the  LT  and  MC  models  remain  in  reasonable  agreement 
until  the  flux  has  decreased  about  three  orders  of  magnitude  from  what  it  was  at  higher 
altitudes.  At  110  km  (Fig.  2f),  some  separation  between  models  is  occurring  at  all  pitch 
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angles  and  by  106  km  (Fig.  2g)  both  the  CSDA  and  MC  results  axe  cleaxly  falling  below 
those  of  the  LT  model. 

In  Figures  3a  and  3b,  we  show  the  energy  integrated  dilferentid  flux  at  one  pitch 
angle  {cosine  =  —.95)  as  a  function  of  altitude.  As  before,  we  see  that  all  three  models 
are  in  excellent  agreement  until  they  reach  the  lowest  altitudes  where  the  fluxes  are 
severely  attenuated.  Similax  plots  for  other  pitch  angles  show  the  same  trend  with  the 
altitude  of  severe  flux  attenuation  moving  higher  as  a  pitch  angle  of  90®  is  approached. 
As  seen  above,  at  all  pitch  angles  except  one  the  LT  model  penetrates  slightly  deeper 
into  the  atmosphere  than  the  CSDA  and  MC  models.  The  one  exception  is  the  angle 
nearest  90®  {cosine  =  —.05)  where  the  MC  penetrates  deeper  than  the  CSDA  and  LT. 

Given  the  excellent  agreement  between  the  differential  fluxes,  similar  agreement 
is  expected  between  various  integrals  over  the  fluxes.  In  Figure  4  we  show  the 
hemispherically  averaged  total  flux  from  all  three  models  and  again  see  excellent 
agreement.  Figures  5a  and  5b  show  the  energy  deposition  rates  where  the  LT  and  CSDA 
models  agree  to  within  5%  and  both  generally  fall  within  the  MC  errors.  Again  at  the 
lowest  altitudes  (below  the  peak  of  the  deposition)  we  see  that  the  LT  model  penetrates 
slightly  deeper  (less  than  1  km)  into  the  atmosphere  than  does  the  CSDA  or  MC  model. 
Finally  in  Figure  6,  we  show  the  eV/ion  pair  for  various  charcicteristic  energies  and  see 
excellent  agreement  (within  1.5%)  between  «ill  three  models. 

5.  Discussion  zind  Summary 

We  have  shown  that  except  at  the  lowest  altitudes  three  models  for  proton-H  atom 
transport  axe  in  excellent  agreement.  The  differences  between  the  models  axe  generally 
smaller  than  the  errors  that  can  arise  from  poorly  known  cross  sections  and/or  the 
errors  typically  quoted  for  geophysical  observations.  For  example,  the  measured  cross 
sections  for  proton/H  atom  collisions  with  N2  and  O2  have  quoted  accuracies  of  typically 
d=20  —  30%.  For  most  collisions  involving  atomic  oxygen,  there  are  no  measurements 
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and  one  resorts  to  ’’estimates”  based  on  other  cross  sections.  One  exception  is  for  charge 
changing  collisions  for  which  measurements  have  been  made  with  quoted  accuracies 
of  25%,  but  at  present  there  are  still  factors  of  2  disagreement  between  some  of  these 
measurements.  Such  uncertainties  can  lead  to  errors  of  comparable  magnitude  in  the 
model  results[jDecA:er  et  al.,  1995].  Likewise,  measurements  of  proton  fluxes  typically 
involve  low  count  rates  and  instrumental  errors  in  the  10  to  30%  range.  Optical 
measurements  of  proton  auroras  typically  quote  errors  larger  than  10%.  Thus  for  the 
purposes  of  comparing  to  observations  all  three  models  axe  effectively  identical.  Further, 
the  quality  of  the  agreement  between  models  gives  us  some  confidence  that  there  are  no 
major  errors  in  the  three  computer  codes. 

The  one  exception  to  the  otherwise  excellent  agreement  between  the  models  is  at 
the  lowest  altitudes,(see  Figs.  If,  2g,  and  3b),  where  the  proton  and  H  atom  fluxes 
are  severely  attenuated.  While  the  differences  between  the  models  are  appaxent  in  all 
the  altitude  dependent  quantities  examined,  their  fundamental  source  is  the  differences 
between  the  diflferential  fluxes.  In  Figures  2a-2g  it  is  evident  that  the  altitudes  at  which 
these  differences  occur  depend  on  the  pitch  angle  of  the  flux.  However,  if  we  consider  the 
fluxes  not  as  a  function  of  altitude  but  rather  as  a  function  of  a  pitch  angle  dependent 
collision  or  scattering  depth  such  as 


Tp{z,E,fJi)  = 


(7) 


we  find  that  the  differences  between  models  occur  at  around  the  same  collision  depth 
essentially  independent  of  the  particular  pitch  angle.  It  is  the  dependence  of  the  collision 
depth  on  the  cosine  of  the  pitch  angle  that  causes  the  differences  between  models  to 
appear  at  different  altitudes  for  different  pitch  angles.  We  thus  find  that  the  model 
differences  arising  at  low  altitudes  occur  at  large  collision  depths  where  the  coUisional 
mean  free  paths  are  small  compared  to  the  scale  heights  of  the  neutral  constituents  and 
the  altitude  step  sizes  that  are  typically  used  in  transport  calculations.  One  consequence 
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of  this  is  that  the  algorithms  designed  to  solve  the  transport  problem  often  have 
difficulties  at  these  altitudes  and  can  be  very  sensitive  to  the  details  of  their  numerical 
implementation.  For  the  LT  model,  we  have  found  that  it  is  paxticulaxly  sensitive  to 
the  altitude  grid  used  in  this  region.  In  our  initial  calculations  of  the  energy  integrated 
proton  differential  flux  using  a  nonuniform  grid  of  77  altitudes,  the  LT  results  near  a 
pitch  angle  of  180°  and  at  106  km  were  over  a  factor  of  2  larger  than  the  MC  results. 
The  calculations  shown  here  (  Fig.  2g  and  3b)  used  353  altitudes  and  the  LT  results 
are  within  20%  of  the  MC  results.  The  general  observed  tendency  was  that  when  too 
few  grid  points  were  used  the  LT  model  penetrated  deeper  into  the  atmosphere  than 
did  the  MC  model  and  as  the  grid  resolution  was  improved  the  LT  model  approached 
the  MC  model.  Fortunately,  these  differences  have  little  effect  on  such  issues  as  where 
energy  is  deposited  in  the  atmosphere  or  where  the  bulk  of  the  ionization  takes  place. 
Likewise,  predictions  of  the  typical  observables:  particle  fluxes,  ion  densities,  ion  and 
neutral  temperatures,  and  optical  emissions  are  little  affected  by  these  differences. 
Thus  for  most  aeronomical  purposes  these  differences  deep  in  the  atmosphere  are  of  no 
consequence. 

It  is  interesting  that  when  the  LT  cedculations  were  made  with  a  grid  of  77  altitudes, 
the  particle  and  energy  conservation  was  quite  good.  Over  most  altitudes,  particle 
and  energy  conservation  was  better  than  1%  and  at  the  lowest  altitudes  both  particles 
and  energy  were  conserved  to  within  a  few  percent.  When  the  calculations  were  made 
with  353  altitudes,  the  conservation  properties  were  little  changed.  For  example,  at 
some  lower  altitudes  the  particle  conservation  was  a  little  better  by  a  couple  of  percent 
and  at  others  a  litte  worse  by  a  couple  of  percent.  However,  if  we  examine  the  energy 
integrated  differential  flux  near  a  pitch  angle  of  180°  and  at  106  km  a  modest  change 
in  particle  conservation  is  accompained  by  over  an  80%  change  in  the  flux.  This  can 
be  understood  by  recalling  that  what  is  normally  done  when  testing  the  particle  and 
energy  conservation  is  to  first  sum  the  total  number  of  particles  and  total  energy  coming 
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into  the  system  at  the  top  of  the  atmosphere.  One  then  calculates  at  each  altitude 
the  total  number  of  particles  and  total  energy  arriving  at  that  altitude  cdong  with 
what  has  been  lost  from  the  system  at  all  higher  altitudes.  In  this  way  a  check  is 
made  whether  any  particles  or  energy  are  lost  or  created  due  to  the  numerical  methods 
being  used.  However,  once  the  lowest  altitudes  have  been  reached  and  the  fluxes  are 
orders  of  magnitude  below  their  original  values  most  of  the  particles  and  energy  have 
left  the  system.  The  number  of  particles  that  axe  left  contribute  very  little  to  the 
total  conservation  and  thus  there  can  be  significant  errors  in  the  fluxes  yet  no  strong 
indication  of  this  in  the  conservation  tests.  This  implies  that  checking  the  overall 
particle  and  energy  conservation  is  a  neccesary  but  not  a  sufficient  test  of  the  accuracy 
of  a  particle  transport  model.  On  the  other  hand,  one  can  test  particle  and  energy 
conservation  at  a  particular  altitude  relative  to  an  altitude  that  is  fairly  close.  In  that 
case,  it  is  possible  to  get  some  measure  of  the  quality  of  the  solution  even  when  most 
of  the  particles  have  left  the  system.  For  example,  if  we  test  peirticle  conservation  at 
a  particular  altitude  relative  to  the  edtitude  one  grid  point  higher,  we  find  for  the  LT 
calculation  using  77  altitudes  that  near  a  pitch  angle  180°  between  109  and  104  km  the 
conservation  degrades  from  1%  to  26%.  Thus  we  do  have  some  indication  that  with  this 
particular  altitude  grid  there  are  problems  with  the  solution  of  at  the  very  low  altitudes. 

While  the  models  have  been  brought  into  good  agreement,  we  should  note  that 
diflferences  can  be  seen  between  the  models  as  they  are  used  in  different  studies.  This 
is  perhaps  most  obvious  when  Monte  Carlo  runs  are  made  that  include  mirroring  and 
beam  spreading.  Kozelov  [1993]  has  shown  that  these  effects  have  an  impact  on  the 
albedo,  the  charge  fractions,  and  the  energy  deposition.  Clearly  if  these  effects  are 
important  for  a  particular  study,  neither  the  CSDA  nor  the  present  LT  model  will  be 
appropriate.  Further  differences  can  arise  between  the  models  due  differences  in  the 
collisional  processes,  cross  sections,  and  energy  losses  that  are  used.  To  obtain  the  level 
of  agreement  presented  in  this  paper,  we  had  to  take  great  care  in  making  sure  that  all 
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these  factors  were  the  same  in  all  three  models.  In  particular,  we  found  that  the  eV /ion 
pair  is  very  sensitive  to  any  such  differences.  This  is  consistent  with  the  discussions  in 
Edgar  et  al.,  [1973]  and  Strickland  et  al.,  [1993]  where  it  is  pointed  out  that  the  shape 
of  the  eV/ion  pair  versus  characteristic  energy  depends  on  the  behavior  of  the  cross 
sections  and  energy  losses.  For  example,  in  Figure  6  we  have  included  some  additioncil 
calculations  of  the  eV /ion  pair.  The  symbol  ‘E’  labels  MC  calculations  that  used  the 
cross  section  set  used  for  this  study  but  also  included  energy  loss  due  to  elastic  collisions 
and  extended  the  minimum  energy  down  to  100  eV.  Here  we  see  how  including  another 
channel  for  energy  loss  (momentum  transfer  in  elastic  scattering)  leaves  less  energy 
available  for  ionization  and  hence  acts  to  increase  the  eV/ion  pair.  The  solid  curve  gives 
the  results  of  MC  calculations  of  Kozelov  and  Ivanov  using  their  standard  cross  section 
set.  Here  the  dramatic  difference  comes  in  large  part  from  larger  low  energy  excitation 
cross  sections  in  the  Kozelov  and  Ivanov  cross  section  set.  Again  the  effect  is  to  raise 
the  eV/ion  pair  at  low  energies  as  other  coUisional  processes  compete  with  ionization  to 
degrade  the  energy  of  the  protons  and  H  atoms.  The  differences  between  cross  section 
sets  arise  because  of  the  lack  of  necessary  cross  section  measurements  and  thus  the  need 
to  mcike  estimates  and  extrapolations  in  order  to  assemble  a  complete  set.  The  focus  of 
this  paper  has  been  on  comparing  three  models  and  not  the  issue  of  what  cross  sections 
to  use  nor  how  well  the  models  compare  to  observations.  However  the  success  of  the 
comparisons  does  suggest  that  our  ability  to  model  actual  observations  is  presently 
limited  by  uncertainties  in  cross  sections  and  the  lack  of  suitable  observations  rather 
than  our  ability  to  solve  the  equations  that  describe  the  known  physics  of  proton/H 
atom  transport. 
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Appendix 

The  purpose  of  this  appendix  is  to  derive  an  implementation  of  the  continuous  slowing- 
down  approximation  (CSDA)  from  linecir  transport  theory.  We  begin  with  the  lineeur  transport 
equations  for  protons(P)  and  hydrogen  atoms(ff)  as  given  in  Basu  et  al.  [1990] 

+  Ea  ”a(z)o'o,p(-5)  ^piz,  E,n)  = 

Zan<.iz)JdE'dfi'^Ek4A^'^f^'  E,y.)^p{z,E\y!) 

+af{E',ti'  E,^l)^E{z,E•,A  (Al) 

+  T,a'^a{z)aa,H(,E)  ^h{z,E,h)  = 

E„  n^{z)  f  dE'  d^i'  [Et  /i'  -  E, E',  fi') 

+cTi^{E',ti'  P,/i)#p(2,P',/x')]  (A2) 

where  ^p{z,E,y)  is  the  differential  flux  of  particles  (in  units  of  cm~‘^s~^eV~^sr~^)  of  type 
Pi,—  P ^  z.  function  of  altitude(z),  energy (E),  emd  cosine  of  the  angle  between  the  particle 
velocity  and  the  z  axis  (fi);  the  z  axis  is  antiparallel  (parallel)  to  the  geomagnetic  fleld  line 
in  the  northern  (southern)  hemisphere;  and  is  the  concentration  of  the  neutral  species  a. 
The  cross  sections  for  the  various  collisional  processes  are  (P^^iE)  (in  units  of  cm~^)  where  j 
(=k, 10,01)  labels  the  type  of  collision.  The  index  k  refers  only  to  excitation  and  ionization 
type  collisions  and  10  and  01  refer  to  charge  exchcinge  eind  stripping  collisions  respectively. 
The  total  cross  section  simimed  over  types  of  collisions  is  given  by  iJcifi{E).  For  the  differential 
cross  sections,  we  make  the  forward-scattering  approximation  to  the  angular  dependence  and 
assume 

<AE'^  ^E,,i)  =  ai^iE>)  SiE'  -  -  E)  S{,i'  -  y)  (A3) 

where  E'  is  the  incident  particle  energy,  E  is  the  final  energy,  and  Wip{E)  is  the  energy  loss 
associated  with  collision  type  j. 

Our  first  step  in  developing  a  CSDA  implementation  is  to  break  the  calculation  into  two 
pieces.  On  the  one  hand,  we  calculate  the  relative  charge  state  composition  of  the  flux  by 
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neglecting  energy  loss  and  only  considering  the  conversion  of  protons  into  H  atoms  zind  H 
atoms  back  into  protons.  This  is  done  by  setting  =  0  and  using  (A3)  in  performing 

the  fi'  and  E'  integrations  to  obtain 

+  =Y,a‘^a{z)<X^{E)^H{z,E,^l)  (A4) 

L  Qj  J 

LA  +  Y,  na{z)a^ct(E)\  (z,  E,  /x)  =  Ea  n^{z)a^^{E)<i>p{z,  E,fi)  (A5) 

which  are  (in  a  slightly  different  form)  equations  (4)  and  (5)  that  are  used  in  calculating  the 
charge  state  composition  of  the  flux.  These  equations  are  identical  to  equations  (17)  and  (18) 
in  Basu  et  al  [1990]  and  were  originally  derived  for  use  at  high  altitudes.  While  the  particle 
fluxes  that  are  predicted  from  these  equations  are  reasonable  only  for  high  altitudes,  it  was 
found  that  the  calculated  flux  ffcictions  are  accurate  at  clU  altitudes. 

On  the  other  hand,  we  also  need  a  method  to  calculate  the  effects  of  energy  degradation  on 
the  fluxes.  This  is  done  by  assuming  the  flux  fractions  are  known  and  calculating  an  ’’average” 
energy  loss  for  protons  and  H  atoms  together.  To  develop  the  needed  equation,  we  multiply 
(Al)  and  (A2)  by  jE?,  integrate  over  fi  and  By  and  add  the  resulting  equations  to  obtain 

^  J  dEdfinE^Tiz,E,ti)  = 

S  <^Edfi^La,p(E)fp{z,E,li)  +  La,H{E)fff{z,E,fl)  ^T(z,E,fl)  (A6) 

where  +  $jj-,  fp  =  2ind 

=  'EKjiE)ai^{E).  (A7) 

i 

Note  that  these  are  the  loss  functions  given  in  section  2  as  equations  (2)  and  (3).  At  this  point, 
we  make  the  continuous  slowing-down  approximation.  That  is  we  assume  that  the  energy  of 
a  particle  is  a  continuous  function  of  altitude,  E(^z).  This  means  that  the  stochastic  nature  of 
the  collisional  degradation  of  the  protons  and  H  atoms  is  neglected  and  all  particles  starting 
with  the  same  energy  will  lose  the  same  amount  of  energy  as  they  pass  through  the  same  range 
of  altitudes.  Thus  if  we  divide  into  mono-energetic,  mono-directional  streeims  at  the  top  of 
the  atmosphere,  they  will  maintain  their  independent  identity  as  they  penetrate  down  through 
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the  atmosphere.  Thus  the  CSDA  cillows  us  to  write  in  the  following  form, 


^t{z,  E,h)  =  Y^  Isiz)6iE  -  Es)8{fi  -  fis)-  (A8) 

s 

For  each  stream,  denoted  by  5  we  can  use  (A8)  in  evaluating  (A6)  giving 

d  \  r,  -r  /  \ 

^  fisEsIsiz)  = 

~  2a  ‘'^a{z)Is{z)  La,p{Es)fp{z,  Es,  fls)  +  La,ff{Es)fH{Zt  Es,fls)  (A9) 


We  next  retimi  to  (Al)  and  (A2),  integrate  over  /x  and  E,  add  the  resulting  equations 
and  obtain  the  statement  of  peirticle  conservation  that  follows  from  the  trainsport  equations, 
namely, 

d  t 

-^JdEdfifi  $t(z,  e,  =  0.  (AlO) 


This  gives  for  each  stream. 


Combining  (A9)  and  (AH)  gives 


fisls{z)  =0. 


(All) 


dE$  1  %  r 

—  ~~  2^ ^ct{z)  La,p{Es)fp{z,  Es, ^ls)  +  La,E{Es)fH(z, Es, (is)  (-A-12) 

which  in  section  2  is  given  as  equation  1.  This  then  gives  us  an  ordinary  differential  equation 
to  solve  for  the  energy  (E)  as  a  function  of  altitude  (z). 

In  the  implementation  used  in  this  paper,  we  begin  with  a  flux  of  downgoing  protons  at 
some  boundary  altitude.  As  mentioned,  the  energy  and  pitch  angle  distribution  of  the  protons 
is  represented  by  a  set  of  mono-energetic,  mono-directioncd  protons  stream.  The  atmosphere 
IS  divided  into  a  series  of  horizontal  layers  and  equations  (A4),  (A5),  and  (A12)  are  applied  to 
each  stream.  The  equations  are  integrated  from  altitude  to  altitude  using  an  explicit  Euler 
method  with  (A4)  and  (A5)  being  solved  assuming  the  energy  of  the  stream  is  unchanged 
within  a  layer  and  (A12)  being  solved  assiuning  the  flux  fraictions  are  unchanged  within  a 
layer.  At  each  succeeding  altitude,  the  flux  fractions  and  stream  energy  are  updated  for  use 
m  integrating  down  to  the  next  altitude.  In  this  way,  the  energy  degradation  and  changing 
composition  of  each  stream  are  calculated  as  the  protons  and  H  atoms  penetrate  down  from 
the  top  of  the  atmosphere. 
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Figure  Captious 


Fig.  la.  Hemispherically  averaged  proton  (left  panel)  and  hydrogen  atom  (right  panel) 
fliixes  versus  energy  at  an  altitude  of  550  km.  The  error  bars  are  the  Monte  Carlo 
results,  the  long  dashes  are  the  linear  transport  results,  eind  the  dotted  curves  are  the 
results  from  the  continuous  slowing  down  approximation.  The  incident  proton  flux  is  a 
Maxwellian  with  a  characteristic  energy  of  8  keV  and  a  total  incident  energy  flux  of  .5 
ergs  cm“^scc“^. 

Fig.  lb.  Same  as  Figure  la  for  ein  altitude  of  250  km. 

Fig.  Ic.  Same  as  Figure  la  for  <in  altitude  of  152  km. 

Fig.  Id.  Same  as  Figure  la  for  an  altitude  of  118  km. 

Fig.  le.  Same  as  Figure  la  for  an  altitude  of  110  km. 

Fig.  If.  Same  as  Figure  la  for  an  altitude  of  106  km. 

Fig.  2a.  The  differential  flux  integrated  over  energy  versus  the  cosine  of  the  pitch  angle 
for  protons  (left  panel)  and  hydrogen  atoms  (right  panel)  at  an  altitude  of  670  km.The 
error  bars  are  the  Monte  Carlo  results,  the  long  dashes  are  the  hnear  transport  results, 
and  the  dotted  curves  are  the  results  from  the  continuous  slowing  down  approximation. 
The  incident  proton  flux  is  a  Maxwellian  with  a  chairacteristic  energy  of  8  keV  and  a  total 
incident  energy  flux  of  .5  ergs  cm“^sec~^. 

Fig.  2b.  Seime  as  Figure  2a  for  zin  altitude  of  550  km. 

Fig.  2c.  Same  as  Figure  2a  for  an  altitude  of  250  km. 

Fig.  2d.  Same  as  Figure  2a  for  an  altitude  of  152  km. 

Fig.  2e.  Same  as  Figure  2a  for  an  zJtitude  of  118  km. 

Fig.  2f.  Same  as  Figure  2a  for  an  altitude  of  110  km. 

Fig.  2g.  Same  as  Figure  2a  for  an  ciltitude  of  106  km. 
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Fig.  3a.  The  differential  flux  integrated  over  energy  versus  cJtitude  for  protons  (H"^) 
and  hydrogen  atoms  (H)  at  a  pitch  angle  of  161.8°  {cosine  =  —.95)  .The  error  bars  are 
the  Monte  Ceirlo  results,  the  long  dashes  are  the  linear  transport  results,  and  the  dotted 
curves  aire  the  results  from  the  continuous  slowing  down  approximation.  The  incident 
proton  flux  is  a  Maxwellian  with  a  characteristic  energy  of  8  keV  and  a  total  incident 
energy  flux  of  .5  ergs  cm~^sec~^. 

Fig.  3b.  Same  as  Figure  3a  with  expanded  scade  at  lower  ailtitudes. 

Fig.  4.  Hemisphericailly  averaged  total  flux  versus  ailtitude  for  protons  (H"^)  and  hydrogen 
atoms  (H).  The  incident  proton  flux  is  a  Maxwellian  with  a  characteristic  energy  of  8  keV 
and  a  total  incident  energy  flux  of  .5  ergs  cm~^sec~^. 

Fig.  5a.  Energy  deposition  rate  versus  altitude.  The  boxes  are  the  Monte  Carlo 
results,  the  long  dashes  are  the  linear  transport  results,  and  the  dotted  curves  aire  the 
results  from  the  continuous  slowing  down  approximation.  The  incident  proton  flux  is  a 
Maxwellian  with  a  chairacteristic  energy  of  8  keV  and  a  total  incident  energy  flux  of  .5 
ergs  cm~^sec~^. 

Fig.  5b.  Same  as  Figure  5a  with  expanded  scale  at  lower  altitudes. 

Fig.  6.  The  quantity  ‘eV  per  electron-ion  pair’  versus  characteristic  energy  of  incident 
protons  given  by  Maxwellian  distributions.  The  boxes  are  the  Monte  Carlo  results,  the 
pluses  are  the  linear  transport  results,  the  ‘X’s  are  the  results  from  the  continuous 
slowing  down  approximation,  the  ‘E’s  are  results  from  Monte  Carlo  calculations  that 
include  momentum  transfer  in  elastic  collisions  and  have  a  minimum  energy  of  100  eV. 
The  solid  curve  shows  results  from  Monte  Carlo  calculations  that  used  the  original  cross 
section  set  of  Kozelov  and  Ivanov. 
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FIGURE  6 


INCIDENT  PROTON  SPECTRA: 

IONOSPHERIC  EFFECTS  OF  HIGH-ENERGY  POWER  LAW  TAILS 
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ABSTRACT 

Studies  of  ion  populations  in  the  central  plasma  sheet  (CPS)  [Christon  et  a/.,  1988,  1989,  1991]  have  found 
that  at  high  energies  {E  >  chciracteristic  or  peak  energy)  there  is  a  nonthermal  power  law  tail  which  Cctn  be 
fitted  using  a  kappa  distribution.  While  similar  studies  for  ionospheric  altitudes  are  fewer,  Lyons  and  Evans 
[1984]  combined  data  from  various  instruments  to  show  that  proton  distributions  at  ionospheric  altitudes  do 
have  high-energy  tails  and  axe  similar  to  those  seen  for  earthward  streaming  protons  in  the  outer  boundary  of 
the  plasma  sheet.  More  recently,  the  Particle  Environment  Monitor  (PEM)  experiment  on  bocird  the  Upper 
Atmosphere  Research  Satellite  (UARS)  has  observed  ionospheric  ion  spectra  with  a  high-energy  power  law  tail 
[Sharker  et  aZ.,  1993]  similar  to  that  described  by  Christon  et  al  [1991]  as  typical  of  CPS  ion  populations. 
However,  all  previous  theoretical  calculations  of  proton-hydrogen  atom  transport  have  assumed  a  Maxwellian 
distribution  for  the  incident  proton  spectra  [Strickland  et  aZ.,  1993].  In  this  paper,  we  present  the  impaot  that 
high-energy  power  law  tails  have  on  Ccilculations  of  the  ionospheric  effects  of  precipitating  protons. 

INTRODUCTION 

It  is  now  weU  established  that  the  precipitating  high  energy  particle  fluxes  in  the  earth’s  auroral  atmosphere 
consist  of  mostly  electrons  axxd  protons  with  a  small  admixture  of  heavier  ions.  Earlier  ground-based  optical 
observations  [Romick  and  Elvey^  1958;  Galperin^  1959]  and  later  satellite  observations  [Sharbery  1981;  Hardy  et 
aZ.,  1989]  of  the  particle  fluxes  have  established  the  fdict  that  statistically  the  electrons  and  protons  precipitate 
within  two  ovals  that  are  not  co-located.  Further  statistical  studies  by  Hardy  et  al  [1987,  1991]  have  revealed 
that  in  the  afternoon  and  evening  sectors  of  the  auroral  oval,  the  protons  at  lower  latitudes  can  carry  a  significant 
portion  of  the  incoming  energy  flux.  On  the  eveningside  and  near  the  equatorward  edge  of  the  oved,  in  particular, 
the  energy  flux  of  the  protons  can  equal  or  exceed  that  of  the  electrons.  Thus  in  order  to  study  the  dissipation 
of  energy  as  well  as  the  resultant  ionization  and  excitation  of  optical  emissions  within  the  auroral  atmosphere, 
it  is  necessary  to  study  not  just  the  transport  and  coUisioneJ  degradation  of  the  energetic  electrons  but  also 
those  of  the  energetic  protons. 

The  most  critical  input  in  any  theoretical  model  that  calculates  the  energy  deposition,  ionization,  etc.  by 
the  energetic  particles  is  the  incident  particle  flux.  In-situ  measurements  by  the  particle  detectors  on  board 
the  satellites  can  provide  this  needed  input  data.  Unfortunately,  most  of  the  known  satellite  proton  data,  with 
few  exceptions,  do  not  cover  energies  beyond  30  keV;  whereas,  for  accurate  modeling  of  the  proton  aurora, 
depending  on  the  energy  at  which  the  peak  VcJue  of  the  incident  flux  occurs,  peurticle  spectrum  extending  up 
to  the  energy  of  100  keV  or  more  is  needed  for  proper  accounting  of  the  integral  particle  and  energy  fluxes. 
This  deficiency  in  the  proton  data  is  usually  overcome  by  extrapolating  the  data  to  high  energies.  The  question 
that  arises  then  is  whether  to  extrapolate  by  using  a  Maxwellian  or  by  some  power  law  distribution.  This  is 
an  important  question  because  if  a  Maxwellian  is  used  to  extrapolate  the  proton  data  to  high  energies  while 
the  incident  proton  spectrum  actually  has  a  power  law  high  energy  tail,  the  incident  energy  flux  carried  by  the 
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protons  will  be  underestimated  and,  more  important,  the  calculated  altitude  profiles  of  ionization  rate,  electron 
density  and  various  optical  emission  rates  will  also  be  erroneous. 

While  we  have  few  proton  spectra  at  ionospheric  altitudes  with  energies  beyond  30  keV,  there  have  been 
studies  of  ion  populations  in  the  CPS  [Christon  et  al,  1988,  1989,  1991]  that  included  higher  energies.  These 
studies  have  shown  that  at  high  energies  {E  >  characteristic  or  peak  energy)  the  ions  have  a  nonthermal  power 
law  tail  which  czm  be  fitted  using  a  kappa  distribution.  Lyons  and  Evans  [1984]  combined  data  from  various 
instruments  to  show  that  proton  energy  distributions  at  ionospheric  altitudes  also  have  high-energy  tails  and  are 
the  S3me  as  those  seen  for  earthwaord  streaming  protons  in  the  outer  boundary  of  the  plasma  sheet.  Recently, 
the  Particle  Environment  Monitor  (PEM)  on  board  the  Upper  Atmosphere  Research  Satellite  (UARS)  [Sharber 
et  a/.,  1993]  has  observed  ion  spectra  at  ionospheric  altitudes  with  high-energy  power  law  tails  similar  to  those 
described  by  Christon  et  al  [1991]  as  typical  of  CPS  ion  populations.  More  recently,  Decker  et  al  [1995] 
have  shown  that  Bn  excellent  agreement  between  the  upgoing  electron  fluxes  measured  by  the  Low  Altitude 
Plasma  Instrument  (LAPI)  on  board  the  Dynamics  Explorer  2  (DE  2)  satellite  and  those  predicted  theoretically 
can  be  achieved  only  when  a  kappa  distribution  is  used  to  extrapolate  the  observed  incident  proton  spectra 
to  energies  beyond  the  instrument’s  cut-off  energy  (27  keV).  It  is  reasonable  to  infer  from  all  these  that  the 
incident  proton  spectra  at  ionospheric  altitudes  do  indeed  have  non-Maxwellian  high-energy  tails  albeit  under 
certain  magnetospheric  conditions. 

In  previous  calculations  of  proton  aurora-related  quantities  [Strickland  et  al^  1993],  only  Maxwellians  have 
been  used  for  the  incident  spectra.  In  this  paper  we  present  results  for  a  Maxwellian  with  a  power-law  tail 
(modelled  by  a  kappa  distribution)  beyond  30  keV  and  compare  these  results  with  those  for  a  pure  Maxwellian 
incident  proton  spectrum.  Specifically,  we  show  the  differences  in  the  altitude  profiles  of  the  hemispherically 
averaged  particle  fluxes  and  the  ionization  rate.  Differences  in  the  altitude  profiles  of  various  optical  emission 
rates  will  be  shown  elsewhere  in  future. 

THEORETICAL  MODEL  AND  RESULTS 

The  theoretical  model  consists  of  a  coupled  set  of  transport  equations  for  the  proton  and  the  hydrogen  atom 
fluxes  [Jasperse  and  Basu^  1982].  These  equations,  numerical  method  of  solving  them,  and  the  input  queintities 
(cross  sections  for  various  collision  processes  cind  the  model  neutral  atmosphere)  have  been  described  in  Basu  et 
al  [1990, 1993].  The  ntimerical  code  solves  the  equations  for  a  given  incident  proton  flux  (the  incident  hydrogen 
atom  flxix  is  taken  to  be  zero)  to  obtain  the  particle  fluxes  as  a  function  of  altitude,  energy  and  pitch  angle 
and  then  calculates  the  ionization  rates  and  optical  emission  rates  due  to  precipitating  protons  and  hydrogen 
atoms.  The  contributions  from  the  secondary  electrons  to  these  rates  can  be  cailculated  by  solving  the  electron 
transport  equation  in  which  the  secondary  electrons  produced  by  the  protons  and  hydrogen  atoms  are  used  as 
source  functions  [see  Basu  et  al,  1993  and  Strickland  et  al,  1993].  In  this  paper  we  shall  deal  only  with  the 
primary  ionization  rates. 

Results  are  shown  for  two  types  of  incident  proton  spectra:  (1)  a  pure  Maxwellian  with  a  characteristic 
energy  Eq  =  8  keV  and  an  energy  flux  Qo  =  I  crp  and  (2)  the  same  Maxwellian  up  to  30  keV  and 

a  power  law  tail  above  30  keV  modelled  by  a  kappa  (=  4)  distribution  where  the  kappa  distribution  has  the 
functional  form  of  E[1  +  Figure  1  shows  the  two  types  of  incident  spectra.  In  contrast  to  the 

energy  flux  of  1  erg  cm  ^  being  carried  by  the  piu*e  Maxwellian  spectrum,  the  type  2  spectrum  has  about 
2  ergs  cm  ^s  In  all  the  figures,  the  type  1  spectrum  znd  the  results  associated  with  it  are  shown  in  solid 
lines  and  those  for  the  type  2  are  shown  in  dashed  lines.  In  Figs.  2a-2c,  we  show  the  hemispherically  averaged 
proton  fluxes  (integrated  over  all  pitch  angles  and  divided  by  27r)  for  the  two  incident  spectra  as  a  function  of 
energy  and  at  three  selected  altitudes.  Similar  functional  behavior  of  the  hemispherically  averaged  hydrogen 
atom  fluxes  are  shown  in  Figs.  3a-3c.  In  Figure  2a,  we  see  that  at  500  km  the  flux  has  decreased  somewhat 
but  with  little  change  in  shape.  In  Figure  3a,  we  see  that  the  H  atom  flux  has  reached  significzuit  levels  due  to 
the  various  charge  changing  processes  between  the  energetic  paurticles  (H"^  and  H)  and  the  neutral  constituents 
of  the  atmosphere.  However  for  both  and  H,  the  particles  that  originated  from  the  high  energy  tail  at  600 
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Figure  1:  Incident  proton  fluxes  versus  energy  used  in  the  calculations  presented  in  this  paper. 
The  solid  curve  is  pure  8  keV  Maxwellian  with  an  incident  energy  flux  of  1  er^  cm  The 

dashed  curve  is  the  power  law  tail  above  30  keV  modeled  by  a  kappa  (=4)  distribution. 
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(b)  at  1 12  km  (c)  H''  at  106  km 


Energy  (eV)  Energy  (eV) 


Figure  2:  Hemispherically  averaged  proton  fluxes  versus  energy.  The  solid  curves  are  from  the 
pure  Maxwellian  case  and  the  dashed  curves  are  from  the  power  law  tail  case,  (a)  altitude 
500  km;  (b)  altitude  =  112  km;  (3)  altitude  =  106  km. 


Irm  have  lost  little  energy  2Uid  are  still  above  30  keV.  In  Figures  2b  and  3b,  we  see  that  at  112  km  the  shape 
of  both  the  and  H  atoms  spectra  have  chcinged  as  particles  cascasde  down  in  energy  and  increase  the  low 
energy  portion  of  the  energy  distributions.  As  a  result,  some  of  the  particles  that  originated  as  part  of  the 
power  law  tail  above  30  keV  have  now  cascaded  to  below  10  keV,  Finally  at  106  km,  we  see  that  the  degradation 
of  the  spectra  continue  and  p8irticles  that  started  above  30  keV  can  now  be  found  at  all  energies.  In  Fig.  4 
we  show  the  volume  ionization  rates  resulting  from  the  two  types  of  incident  spectra.  We  point  out  that  the 
peak  value  of  the  ionization  rate  for  the  type  2  spectrum  is  1.32  x  10^  cm  ^  and  it  occurs  at  112.5  km, 
while  that  for  the  type  1  spectrum  is  ^  7.7  x  10^  occuring  at  115  km.  We  can  see  that  the  region 

aroimd  the  peaks  of  the  profiles  is  a  transition  region  where  the  rates  go  from  being  moderately  different (20% 
apart)  above  the  peaks  to  significantly  different(over  an  order  of  magnitude  apart)  along  the  bottomside  of  the 
profiles.  These  differences  between  the  two  profiles  may  be  explained  in  terms  of  the  differences  in  the  incident 
energy  flux  and  the  differences  in  the  pairticle  fluxes  (as  shown  in  Figs.  2  and  3)  by  also  taking  into  account 
the  energy  dependence  of  the  relevant  ionization  cross  sections. 
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Figiire  3:  Hemispherically  averaged  H  atom  fluxes  versus  energy.  The  solid  curves  dse  from  the 
pure  Maxwellian  case  and  the  dashed  curves  are  from  the  power  law  tail  case,  (a)  altitude  = 
500  km;  (b)  altitude  =  112  km;  (3)  altitude  —  106  km. 


Figure  4:  Volume  ionization  rates  versus  altitude  for  two  types  of  incident  proton  spectra.  The 
solid  curve  is  for  the  pure  Maxwellicin  case  and  the  dashed  curve  is  for  the  power  law  tail  case. 

DISCUSSION 

We  have  shown  the  effects  of  the  two  types  of  extrapolations  of  proton  data  to  high  energies  and  have  pointed 
out  that  the  differences  can  be  attributed  to  the  differences  in  the  particle  fluxes,  which  are  the  fundamental 
quantities.  In  this  short  paper  we  have  concentrated  only  on  the  hemisphericedly  averaged  differential  fluxes 
and  the  volume  ionization  rates.  It  is  expected  that  qucilitatively  similar  results  will  also  be  obtained  for  the 
various  opticcil  emission  features  associated  with  the  proton  aurora. 

The  first  point  we  wish  to  emphazise  is  that  if  the  energy  distributions  of  incident  proton  fluxes  are  measured 
out  to  aroimd  30  keV  and  it  is  assumed  that  a  Maxwellian  describes  the  spectra  above  30  kev,  then  the  total 
incident  energy  flux  will  most  likely  be  underestimated.  This  follows  from  the  observations  in  the  magnetosphere 
and  ionosphere  of  power  law  tails  in  the  ion  distributions.  In  particular,  Chviston  et  al  [1989]  reported  that 
during  undisturbed  periods  ion  distributions  could  be  fit  with  kappa  distributions  where  k  ranges  from  3  to 
9.5.  In  this  paper,  we  found  that  using  k  =  4  and  a  characteristic  energy  of  8  keV  gave  an  incident  energy 
flux  twice  that  of  the  pure  Maxwellian  case.  Similarly,  in  Decker  et  al  [1995]  it  was  found  that  fitting  ion 
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observations  from  LAPI  using  a  /c  =  3  gave  three  times  the  incident  energy  flux  deduced  from  fitting  with  a 
pure  Maxwellian.  Further,  for  chareLCteristic  energies  higher  them  8  keV  the  differences,  for  a  given  /c,  betweeen 
the  Maxwellian  and  the  power  law  tail  will  be  even  more  pronoimced.  On  the  other  hcind,  for  characteristic 
energies  less  than  8  keV  the  differences  will  be  less.  Given  the  observed  ranges  of  characteristic  energies  and 
the  observed  range  of  /c,  there  is  cleatrly  great  uncertcdnity  in  the  incident  ion  energy  flux  deduced  from  such 
instruments  as  LAPI. 

The  impact  of  the  power  law  tail  in  the  incident  proton  flux  on  the  differential  flux  and  the  ionization  rate 
is  evident  in  Figures  2-4.  The  major  impact  is  seen  to  occur  in  the  lower  E  region  where  the  pauticles  that 
originated  above  30  keV  come  to  play  a  significant  role  in  both  the  particle  spectra  and  the  ionization  rate.  It 
also  follows  that  the  electron  density  profiles  resulting  from  the  ionization  will  be  different  for  the  two  types 
of  extrapolations  and  so  care  should  be  taken  in  choosing  the  extrapolation  scheme  when  the  electron  density 
profiles  are  to  be  theoretically  predicted.  In  this  case,  the  approximately  70%  difference  between  the  ionization 
peaks  woiild  mean  around  a  30%  difference  at  this  altitude  in  the  electron  density.  By  106  km,  a  factor  of 
9  difference  in  the  ionization  leads  to  a  factor  of  3  difference  in  the  electron  density.  Also  we  note  that  the 
effect  is  not  to  simply  scale  the  ionization  rate  but  to  shift  the  location  of  the  pecik  zmd  to  modify  the  shape 
of  the  ionization  profile.  Conversely,  if  we  want  to  infer  the  incident  proton  spectra  from  observed  electron 
density  profiles  and  if  we  assume  that  the  spectra  are  MaxweUians,  then  we  may  predict  proton  spectra  with 
characteristic  energy  and  energy  flux  which  are  substantially  different  from  what  cictually  they  should  be. 

Observationally,  if  an  instrument  such  as  PEM  which  measures  protons  between  1  eV  to  150  MeV  were 
available  for  monitoring  the  proton  aurora  then  the  uncertainties  discussed  above  could  be  avoided.  However, 
given  the  observed  range  of  ion  characteristic  energies  within  the  auroral  region  such  a  large  range  is  not  striddy 
necessary  for  the  purposes  of  simply  monitoring  the  proton  aurora.  Using  observations  from  the  central  plasma 
sheet  as  a  guide,  we  find  that  if  the  goal  is  to  measure  90%  of  the  incident  energy  fltix  then  an  instrument 
that  goes  up  to  1  MeV  would  appear  to  be  adequate.  If  the  goal  is  to  simply  go  high  enough  in  energy  to 
determine  if  the  distribution  is  kappa  like  rather  than  Maxwellian,  an  instrument  going  up  to  100  keV  should 
be  adequate.  Though  we  should  note  that  under  very  active  conditions  the  observed  magnetospheric  spectra 
can  not  be  represented  by  a  single  funcional  form  and  an  instniment  going  to  1  MeV  might  still  be  necessary 
to  confidently  characterize  the  proton  spectra.  If  such  monitors  are  not  available,  then  the  next  option  is  tc 
develop  an  empiriczd  model  of  the  power  law  tail  bzised  on  avzdlable  data.  The  PEM  instrument  on  UARS  would 
be  ideal  for  this  except  for  the  fact  that  UARS  is  not  a  polar  orbiting  satellite  and  does  not  routinely  sample 
the  auroral  region.  Thus  the  data  coverage  may  turn  out  to  be  far  from  adequate.  On  the  theoretical  side,  our 
transport  model  will  be  exercised  over  a  range  of  characteristic  energies  and  k  in  order  to  fully  quantify  the 
impact  of  high-energy  power  law  tails.  As  mentioned  earlier,  such  csilculations  will  zlso  be  expeinded  to  include 
various  optical  emissions  that  arise  in  a  proton  aurora. 
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MODELING  POLAR  CAP  F-REGION  PATCHES  USING  TIME  VARYING  CONVECTION 


J.  J.  Sojka^,  M.  D.  Bowline^,  R 
C.  E.  Valladares^,  R.  Sheehan^,  D. 

Abstract,  Creation  of  polar  cap  F-region  patches  are 
simulated  for  the  first  time  using  two  independent  physical 
models  of  the  high  latitude  ionosphere.  The  patch  formation 
is  achieved  by  temporally  varying  the  magnetospheric  electric 
field  (ionospheric  convection)  input  to  the  models.  The 
imposed  convection  variations  are  comparable  to  changes  in 
the  convection  that  result  from  changes  in  the  By  IMF 
component  for  southward  inteiplanetary  magnetic  field  (IMF). 
Solar  maximum-winter  simulations  show  that  simple  changes 
in  the  convection  pattern  lead  to  significant  changes  in  the 
polar  cap  plasma  structuring.  Specifically,  in  winter,  as 
enhanced  dayside  plasma  convects  into  the  polar  cap  to  form 
the  classic  tongue-of-ionization  (TOI)  the  convection  changes 
produce  density  structures  that  are  indistinguishable  from  the 
observed  patches. 

1.  Introduction 

Over  the  last  decade,  observations  have  established  that, 
during  periods  of  southward  IMF,  patches  of  enhanced 
ionization  drift  across  the  polar  cap  in  an  antisunward 
direction  [Buchau  et  aL^  1983;  Weber  et  aL,  1984].  These 
patches,  although  strongest  in  winter,  occur  at  all  seasons  and 
levels  of  solar  and  geomagnetic  activity.  Their  horizontal 
dimensions  range  from  hundreds  to  several  thousand 
kilometers.  Patches  also  possess  small  scale  structuring  from 
meters  to  tens  of  kilometers.  As  they  convcct  across  the  polar 
cap,  the  patch  shape  can  change  [Robinson  et  aL,  1985]. 
Several  models  of  convection  dynamics  have  been  proposed 
to  explain  patch  formation.  Anderson  et  aL  [1988]  proposed 
that  polar  cap  expansion  in  response  to  Kp  changes  brings 
high  density  plasma  into  the  cusp  region  while  Lockwood  and 
Carlson  [1992]  argued  that  flux  transfer  event  (FTE) 
signatures  in  the  cusp  cause  short-lived  enhanced  flows  that 
transport  plasma  into  the  polar  cap.  Indeed,  Pinnock  et  aL 
[1993]  have  presented  an  example  of  one  such  event.  In  this 
study,  two  physical  models  of  the  high-latitude  ionosphere 
were  used  to  simulate  patch  formation  caused  by  time  varying 
convection  that  responds  to  IMF  By  changes. 

2.  TDIM  and  PL  Ionospheric  Models 

The  Utah  State  University  Time-Dependent  Ionospheric 
Model  (TDEM)  and  the  Phillips  Laboratory  (PL)  F-region 
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model  were  used  in  independent  studies  of  polar  cap  F-region 
patch  formation.  Both  simulations  used  the  same  patch 
formation  scenario  and  discovered  the  same  consequences  of 
"realistically"  varying  the  magnetospheric  electric  field  on  the 
polar  cap  electron  density  distribution. 

The  USU  TDIM  is  a  multi-species  (02'^,  N2'*’,  N0+,  0+, 
N+,  and  He+)  global  model  of  the  ionosphere  that  is  based 
upon  solutions  of  the  continuity,  momentum,  and  energy 
equations  in  the  collision-dominated  13-moment  transport 
formulation.  The  development  of  this  model  is  described  by 
Schunk  [1988],  while  the  model  predictions  and  comparisons 
with  observations  are  described  by  Sojka  [1989].  The  PL  F- 
region  model  is  a  single  species  (0+)  global  model  of  the 
ionosphere  that  is  based  upon  solutions  of  the  continuity  and 
momentum  equations.  Its  development  involved  generalizing 
the  theoretical  low  latitude  F-region  model  of  Anderson 
[1973]. 

3.  Patch  Simulation 

Two  sets  of  results  are  presented  to  highlight  the  sensitivity 
of  the  polar  cap  plasma  to  the  structuring  that  results  from  the 
time  varying  convection  electric  fields;  in  particular,  a  time 
dependence  driven  by  a  time  varying  By  IMF  component.  In 
the  PL  simulation,  the  semi-empirical  convection  model  of 
Hairston  and  Heelis  [1990]  is  used  to  simulate  time  varying 
southward  IMF  patterns.  The  TDIM  simulation  used  two 
Heppner  and  Maynard  [1987]  convection  patterns  to  do 
likewise. 

5.7.  PL  F‘Region  Patch  Simulation, 

Figure  1  shows  the  plasma  drift  trajectories  for  the  two 
IMF  conditions  used  in  the  PL  simulations.  Both  convection 
patterns  are  for  southward  IMF  and  a  cross-polar  cap  potential 
of  80  kV.  They  differ  in  that  the  left  and  right  patterns 

By  >  0  By  <  0 
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Fig.  1.  Hairston  and  Heelis  [1990]  convection  patterns  with 
corotation  added  for  southward  IMF,  where  IMF  By=S 
gamma  (left  panel)  and  IMF  By  =  -8  gamma  (right  panel). 

The  cross  polar  cap  potential  is  80  kV  and  the  polar  cap  radius 
is  12  degrees. 

The  U.S.  Government  Is  authorized  to  reproduce  and  sell  this  report. 
Permission  for  further  reproduction  by  others  must  be  obtained  from 
the  copyright  owner. 


Sojka  et  aL:  Modeling  F-Region  Patches 


correspond  to  IMF  By  values  of  8  and  -8  gamma, 
respectively.  The  patterns  are  from  the  Hairston  and  Heelis 
[1990]  semi-empirical  electric  field  model  with  a  corotational 
potential  field  added.  Note  that  the  plasma  enters  the  polar 
cap  in  the  vicinity  of  the  cusp  region,  pre-noon,  and  then 
convects  antisunward  across  the  polar  cap.  For  By  negative, 
the  flow  is  across  the  dusk-side  of  the  polar  cap  (right  panel, 
Figure  1),  while  for  By  positive  this  flow  is  on  the  dawn-side 
(left  panel.  Figure  1).  This  IMF  By  control  of  the  ionospheric 
polar  cap  plasma  convection  is  well  known  [Heppner  and 
Maynard,  1987]  but  its  full  significance  in  the  formation  of 
polar  cap  patches  has  not  been  recognized.  Since  the  details 
of  how  a  given  ionospheric  convection  pattern  changes  into  a 
new  pattern  are  largely  unknown  at  this  time,  we  adopted  a 
rather  simplistic  procedure  for  changing  from  one  convection 
pattern  to  the  next.  For  this  simulation,  the  convection  pattern 
is  maintained  for  17  hours  and  then,  at  1700  UT,  is  changed 
to  the  pattern  in  the  right  panel,  and  again  at  1830  UT,  is 
changed  back  to  the  first  pattern. 

For  this  simulation  and  that  of  the  TDIM,  winter  solstice 
and  solar  maximum  conditions  were  adopted  with  an  FI 0.7  of 
190  and  a  Kp  of  4.  The  auroral  precipitation  model  of  Hardy 
et  aL  [1985]  for  a  Ap  of  4  was  used,  and  was  kept  constant 
during  the  entire  simulation.  0+  profiles  were  generated  at  5- 
minute  time  steps  for  the  17  hours  prior  to  the  1700  UT  first 
convection  change  and  through  to  2100  UT.  Snapshots  of  the 
F2  peak  density  (A^;n-^2)  17(X),  1830,  2000,  and  2100  UT 

are  shown  in  Plate  1.  At  1700  UT,  a  well-defined  TOI  feature 
in  the  polar  cap  shows  how  the  plasma  transport  associated 
with  the  Figure  1  left-panel  convection  brings  high-density 
plasma  into  the  dawn-side  of  the  polar  cap.  The  peak  density 
in  the  TOI  is  around  1  x  10^  cm"^.  In  the  remainder  of  the 
polar  cap,  the  density  drops  to  values  as  low  as  1  x  10^  cm“^. 

The  effect  of  changing  the  convection  pattern  at  1700  UT 


can  be  seen  in  the  NmF2  snapshot  at  1830  UT.  A  new  TOI 
begins  to  form  on  the  dusk-side  of  the  polar  cap  and 
structuring  of  the  high-latitude  plasma  also  begins  as  the  old 
dawn-side  tongue  is  caught  up  in  the  circulation  of  the  dawn 
convection  cell.  At  1830  UT,  the  convection  changes  back  to 
its  initial  pattern  and  further  structuring  occurs  in  the  high- 
latitude  plasma  at  2000  and  2100  UT  (see  Plate  1).  In 
particular,  after  20(X)  UT  a  TOI  forms  back  in  the  dawn-side 
of  the  polar  cap.  It  is  the  remnants  of  what  was  the  dusk-side 
TOI,  which  are  deformed  and  striated  due  to  differing 
trajectories  of  the  dusk  convection  cell.  In  the  next  section, 
results  of  a  TDIM  simulation  will  illustrate  further  details  of 
how  plasma  structuring  occurs. 

3.2.  TDIM  F -Region  Patch  Simulation 

The  TDIM  simulation  followed  the  same  methodology 
described  for  the  PL  simulation.  The  Heppner  and  Maynard 
[1987]  empirical  convection  model  was  used.  Specifically, 
the  A  and  DE  patterns,  which  correspond  to  southward  IMF 
for  By  slightly  negative  and  By  strongly  negative, 
respectively,  were  used.  Plate  2  shows  these  two  convection 
patterns  within  the  TDIM  simulation  region.  This  region  is 
centered  on  the  magnetic  pole  and  extends  from  70*  invariant 
latitude  on  the  noon  meridian  to  70*  invariant  latitude  on  the 
midnight  meridian,  with  noon  at  the  top.  The  dawn-dusk 
latitudinal  extent  is  somewhat  smaller,  i.e.,  from  76*  invariant 
latitude  at  dawn  to  76*  invariant  latitude  at  dusk.  Each 
trajectory  was  followed  for  24  hours  prior  to  the  snapshot. 
Each  arrow  in  the  convection  patterns  represents  a  20-minute 
trajectory  taken  from  within  the  simulation  region.  The  A 
pattern  convection  is  fairly  uniform  over  the  polar  region  at 
about  500  m/s.  In  contrast,  the  DE  pattern  has  a  dusk  sector 
flow  speed  of  1000  m/s  and  a  slow  dawn  sector  flow  of  < 
200  m/s. 


Plate  1.  Four  color-coded  NmF2  snapshots  from  the  PL  simulation.  Each  snapshot  uses  the  same  color  coding  of  densities. 
The  UT  of  each  snapshot  is  as  follows:  (a)  1700  UT;  (b)  1830  UT:  (c)  2000  UT;  and  (d)  2100  UT. 
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UT 

Plate  2.  The  A  and  DE  convection  patterns  within  the  TDIM  simulation  region  (left  panels).  The  dotted  red  circles  represent 
constant  invariant  latitudes  at  5°  intervals  from  the  magnetic  pole  (red  cross).  Noon  is  at  the  top.  The  right  panel  shows  the  time 
history  of  the  TDIM  simulation  as  well  as  times  of  density  snapshots  (circled  numbers)  shown  below. 


The  TDIM  simulation  is  schematically  shown  in  Plate  2  as  a  this  only  occurs  near  the  throat;  everywhere  else  the 
time-line  plot  at  the  top  next  to  the  two  convection  panels.  convection  associated  with  the  TOI  has  slowed  down,  but 

Numbers  are  circled  and  placed  along  the  time  axis.  These  maintains  the  same  flow  direction.  This  differential  flow 

numbers  identify  the  times  of  the  TDIM  NfnF2  snapshots  trend  is  maintained  until  2130  UT.  Each  panel  up  to  this  time 
shown  in  Plate  3.  These  are  at  eight  minute  time  intervals  shows  that  the  distortion  of  the  tongue  increases.  Indeed,  by 

beginning  at  2100  UT  when  the  first  change  in  the  convection  2130  UT,  Panel  5,  the  density  structuring  is  too  complex  to 

pattern  occurs.  A  well  defined  TOI  is  present  in  the  first  be  referred  to  as  a  single  TOI.  At  2130  UT,  the  convection 

snapshot.  Panel  3,  sixteen  minutes  after  the  change  to  DE,  reverts  back  to  the  A  pattern  and  the  ensuing  snapshots  show 

already  shows  well  defined  changes  in  the  TOI.  However,  how  the  plasma  entering  the  polar  cap  at  the  cusp  begins  to 


5.0  5.1  5.2  5.3  5.4  5.5  5.6  5.7  5.8  5.9  6.0 

Logio  NmF2 

Plate  3.  A  series  of  eight  color-coded  NmF2  snapshots  from  the  TDIM  simulation.  Each  snapshot  uses  the  same  color  coding  of 
densities.  The  snapshots  are  labeled  with  the  numbers  given  in  the  time  history  plot  of  Plate  2. 
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regenerate  the  2100  UT  TOI.  However,  all  the  other  polar 
cap  structure  now  uniformly  drifts  antisunward,  as  indicated 
by  the  A  convection  panel  in  Plate  2.  The  net  result  is  that  the 
structuring  produced  by  the  half-hour  of  DE  convection  is 
stamped  on  the  polar  cap  plasma  until  it  can  drift  out  of  the 
polar  cap  and  into  the  auroral  zone. 

The  final  panels  of  Plate  3  show  that  the  density  structuring 
caused  by  the  DE  pattern  can  readily  be  viewed  as  patches.  At 
least  two  distinct  regions  of  high  density  are  present.  Each 
has  a  peak  density  of  the  order  of  1  x  10^  cm"^,  with  the 
density  between  them  dropping  to  2  x  10^  cm’^.  These 
patches,  and  those  of  the  PL  simulation,  are  indistinguishable 
in  scale  size,  spatial  complexity,  and  density  from  the  plasma 
structures  observed  in  the  polar  ionosphere.  They  do 
however  lack  the  sub-10  km  level  structuring. 

4.  Conclusions 

The  PL  and  TDIM  simulations  show  that  the  shape  and 
extent  of  polar  cap  patches  are  determined  by  the  plasma  flow 
changes  that  occur  while  the  plasma  is  in  the  cusp  and  polar 
cap.  Qualitatively,  the  PL  and  TDIM  simulations  show,  for 
the  first  time,  that  given  the  variability  we  know  exists  in  the 
IMF  and,  hence,  the  magnetospheric  convection,  patches 
occur  naturally  without  complex  plasma  source  and  sink 
mechanisms.  Both  models  show  that,  under  constant 
southward  IMF  conditions,  a  TOI  extends  from  the  cusp  into 
the  polar  cap.  It  is  this  flow  of  dayside  high-density  plasma 
that  becomes  the  source  of  patches  as  the  convection 
undergoes  tinoe  variations. 

The  role  of^the  other  patch  mechanisms  will  not  be 
irrelevant,  but  the  time  varying  convection  has  been  shown  to 
have  the  capability  of  producing  the  order  of  magnitude 
density  enhancements  observed  in  the  polar  cap  under 
southward  IMF  conditions  that  are  referred  to  as  patches. 
Follow-on  studies  are  now  in  progress  to  determine  the 
contribution  of  the  other  mechanisms  as  well  as  to  explore  the 
full  consequences  of  the  time  varying  convection  mechanism. 
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Modeling  daytime  F  layer  patches  over  Sondrestrom 

D.  T.  Decker,  C.  E.  Valladares,  R.  Sheehan,’  Su.  Basu,’’^  D.  N.  Anderson,^ 
and  R.  A.  Heelis'^ 


Abstract.  A  comprehensive,  time-dependent,  high-latitude,  one-species  F  region 
model  has  been  developed  to  study  the  various  physical  processes  which  are  believed 
to  affect  the  polar  cap  plasma  density  distributions  as  a  function  of  altitude,  latitude, 
longitude,  and  local  time.  These  processes  include  production  of  ionization  by  solar 
extreme  ultraviolet  radiation  and  particle  precipitation;  loss  through  charge  exchange 
with  N2  and  O2;  and  transport  by  diffusion,  neutral  winds,  and  convection  E  x  B 
drifts.  In  our  initial  calculations  we  have  modeled  highly  structured  plasma  densities 
characterized  by  digisonde  observations  at  Sondrestrom  using  both  a  time-dependent 
global  convection  pattern  and  spatially  localized  regions  of  transient  high-speed  flow. 
We  find  that  the  model  is  very  sensitive  to  the  details  of  the  time-dependent  convection 
pattern,  and  both  the  time  dependence  and  the  high-speed  flows  contribute  to  the  F- 
region  structure.  Further,  when  we  use  high-speed  flows  based  on  specific  radar 
observations  the  simulated  density  structure  is  in  reasonable  agreement  with  that  day's 
digisonde  observations. 


Introduction 

Over  the  last  10  or  15  years  observations  have 
shown  that  the  winter  polar  cap  F  region  contains  a 
variety  of  large-scale  structures.  In  particular,  it  has 
been  found  that  the  type  of  structure  observed 
depends  on  the  sign  of  that  is  the  z  component 
of  the  interplanetary  magnetic  field  (IMF).  What  is 
observed  during  periods  of  negative  or  southward 
directed  are  enhanced  “patches”  of  ionization 
drifting  across  the  polar  cap  in  an  antisunward 
direction  [Buchau  et  aLy  1983;  Weber  et  aLy  1984, 
1986].  These  patches  come  in  a  wide  variety  of 
shapes  and  scale  sizes  [Buchau  et  al.y  1985].  The 
typical  sizes  range  from  a  few  100  to  --100Q  km,  and 
the  enhancements  of  plasma  densities  can  be  up  to 
an  order  of  magnitude  above  the  surrounding  back¬ 
ground  [Buchau  and  Reinischy  1991]. 

Much  of  this  observed  structure  is  believed  to  be 
related  to  the  high-latitude  convection  pattern  and 
in  particular  its  time  dependence  [Todd  et  ai,  1986; 
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Anderson  et  al.y  1988;  Lockwood  and  Carlsouy 
1992].  It  also  has  been  suggested  [Foster y  1989]  that 
during  storms  a  source  of  patches  in  the  polar  cap 
can  be  plasma  transported  through  the  noontime 
cleft  from  a  region  at  mid-  and  low  latitudes  in  the 
afternoon  sector.  Other  suggested  sources  of  F 
region  structure  have  been  soft  precipitation  [Kelley 
et  al.y  1982],  transport  of  aurorally  produced  ion¬ 
ization  [Knudseny  1974;  Weber  et  al.y  1984],  and 
enhanced  plasma  loss  rates  [de  la  Beaujardiere  et 
al.y  1985]. 

Theoretical  studies  of  high-latitude  large-scale 
structures  have  primarily  involved  the  use  of  global 
F  region  models.  Such  models  consist  of  solving 
sets  of  fluid  equations  over  substantial  portions  of 
the  globe;  in  particular,  sets  of  continuity,  momen¬ 
tum,  and  energy  equations  for  various  ion  species. 
An  additional  feature  of  such  models  is  that  they 
require  a  number  of  geophysical  parameters  as 
inputs.  (An  example  of  the  needed  inputs  wiU  be 
given  in  a  later  section.)  Two  inputs  that  are  of 
special  interest  for  modeling  large-scale  structures 
are  particle  precipitation  and  the  magnetospheric 
convection  pattern.  The  reason  this  is  so  is  that  all 
the  suggested  mechanisms  for  producing  patches 
that  we  are  aware  of  have  involved  the  behavior  of 
one  or  both  of  these  two  inputs.  For  the  purposes  of 
modeling  we  have  found  it  useful  to  classify  each  of 
the  various  mechanisms  into  one  of  three  types:  (1) 
particle  precipitation,  (2)  global  E  x  B  convection. 
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and  (3)  mesoscale  E  x  B  convection.  In  type  I  the 
focus  has  been  on  spatially  restricted  regions 
of  precipitation  associated  with  such  names  as 
the  cleft/cusp/dayside  aurora/mantle/lower-latitude 
boundary  layer,  etc.  The  idea  is  that  “dayside” 
precipitation  produces  regions  of  enhanced  ioniza¬ 
tion  which  then  convect  into  and  across  the  polar 
cap.  For  the  type  2  mechanism  it  is  the  spatial 
structure  and  time  dependence  of  the  global  con¬ 
vection  pattern  that  is  critical.  The  idea  is  to  have 
changes  in  the  pattern  that  cause  changes  in  the 
trajectories  of  the  convecting  plasma  associated 
with  the  “tongue  of  ionization.”  In  particular,  what 
is  wanted  are  changes  that  create  patches  of  ioniza¬ 
tion  rather  than  a  continuous  tongue  of  ionization. 
Our  third  category  involves  what  we  are  calling 
mesoscale  convection.  The  focus  here  is  on  spa¬ 
tially  localized  regions  of  transient  high-speed  flows 
that  lead  to  enhanced  ion  temperatures  which  in 
turn  create  depleted  ionization  regions  via  en¬ 
hanced  ion  loss  rates.  By  mesoscale  we  are  consid¬ 
ering  regions  that  have  scales  of  hundreds  of  kilo¬ 
meters.  Clearly,  the  distinction  between  categories 
2  and  3  can  be  vague,  and  one  can  easily  construct 
scenarios  that  involve  elements  of  both.  Neverthe¬ 
less,  this  has  been  a  useful  division  for  the  purposes 
of  theoretical  modeling. 

The  use  of  global  F  region  models  to  study  the 
high  latitudes  began  over  a  decade  ago  [Knudsen  et 
al.,  1977],  and  since  that  time  a  number  of  studies 
have  been  carried  out.  In  particular,  there  have 
been  studies  examining  the  effects  of  various  con¬ 
vection  patterns  [Rasmussen  et  al.,  1986;  Sojka  and 
Schunk,  1987]  and  studies  on  the  transport  of  large- 
density  structures  within  those  patterns  [Robinson 
et  al.,  1985;  Schunk  and  Sojka,  1987].  However,  for 
the  most  part,  over  the  last  decade  there  were  few 
theoretical  studies  that  explicitly  focused  on  how  F 
region  structure  might  be  initially  produced.  Rather 
most  modeling  focused  on  either  a  few  test  trajec¬ 
tories  and/or  used  smooth  statistical  inputs  that  in 
turn  led  to  fairly  smooth  ionospheres.  However, 
there  were  a  few  exceptions  where  the  focus  was  on 
how  to  produce  a  large-scale  ionospheric  structure. 
Sojka  and  Schunk  [1986]  examined  the  type  1 
mechanism  in  a  study  on  “the  production  and  decay 
of  localized  electron  density  enhancements  in  the 
p>olar  ionosphere.”  The  source  of  the  enhancements 
were  spatially  limited  regions  of  auroral  precipita¬ 
tion  that  were  designed  to  simulate  cleft  precipita¬ 
tion  in  one  case  and  Sun-aligned  auroral  arcs  in 


another.  Factor  of  2  enhancements  were  easily 
produced  that  were  then  transported  across  the 
nighttime  polar  cap.  This  was  essentially  a  feasibil¬ 
ity  study  in  that  it  focused  on  a  few  test  trajectories 
and  several  generic  ionization  profiles.  Another 
study  of  Sojka  and  Schunk  [1988]  examined  the 
effects  of  mesoscale  electric  field  structures  on  the 
polar  cap  F  region.  While  this  work  was  designed  to 
simulate  plasma  trajectories  during  northward 
conditions  it  did  illustrate  the  possibility  of  en¬ 
hanced  electric  fields  creating  regions  of  reduced 
ion  densities. 

ForBj  southward  conditions  the  one  attempt  that 
we  are  aware  of  that  focused  on  the  category  2 
mechanism  for  producing  patches  was  by  Anderson 
et  al.  [1988].  In  that  study  the  ionosphere  over 
Thule,  Greenland,  was  simulated  assuming  a  time- 
varying  convection  pattern.  The  time  variation  con¬ 
sisted  of  changing  between  one  pattern  character¬ 
ized  by  an  80-kV  cross-tail  potential  and  a  12°  polar 
cap,  and  another  with  a  100-kV  cross-tail  potential 
and  a  15°  polar  cap  radius.  The  result  of  making  this 
change  was  a  sevenfold  enhancement  in  the  F2  peak 
density  {N„F2)  at  Thule.  This  study  was  not  a 
global  simulation  of  the  entire  polar  cap,  but  rather 
only  trajectories  that  passed  over  Thule  were  con¬ 
sidered.  So  it  was  not  ascertained  whether  a  patch 
was  formed  or  whether  just  a  ripple  in  a  tongue  of 
ionization  was  being  produced.  Thus  while  there 
were  some  preliminary  studies  in  the  1980s  on  what 
causes  patches,  what  was  lacking  was  a  quantitative 
demonstration  of  the  definitive  mechanism  or  mech¬ 
anisms  for  patch  creation. 

Our  approach  to  this  problem  is  to  continue 
asking  the  question  that  these  earlier  works  essen¬ 
tially  posed:  If  we  take  a  “state-of-the-art”  theoret¬ 
ical  F  region  model,  can  we  understand  the  large- 
scale  ionospheric  structure  in  terms  of  structure  in 
the  geophysical  inputs  to  the  model?  Alternatively, 
we  may  ask  if  current  fluid  models  have  enough 
physics  in  them  so  that  temporal  and  spatial  struc¬ 
ture  in  the  inputs  is  suflicient  to  produce  the  ob¬ 
served  large-scale  F  region  structures?  To  study 
this  question,  we  have  developed  a  comprehensive 
and  flexible  time-dependent  high-latitude  F  region 
model.  One  way  we  are  using  this  model  is  to 
simulate  a  variety  of  scenarios  for  creating  F  region 
patches.  We  have  completed  an  initial  study  of  one 
such  scenario  and  those  results  are  presented  in  a 
recent  paper  coauthored  with  the  modeling  group 
from  Utah  State  University  [Sojka  et  al.,  1993]. 
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However,  besides  testing  theoretical  scenarios  we 
also  want  to  keep  a  measure  of  reality  in  our  work 
by  attempting  to  model  various  observations  of  the 
high-latitude  F  region.  The  purpose  of  this  paper  is 
to  describe  our  F  region  model  and  our  first  at¬ 
tempts  to  use  satellite  ion  drift  and  incoherent  radar 
observations  from  a  particular  day  to  simulate  the  F 
region  on  that  day.  In  this  case  we  study  the 
ionosphere  over  Sondrestrom  on  February  19, 
1990.  The  calculations  have  been  designed  to  exam¬ 
ine  what  we  defined  as  the  type  2  and  type  3 
mechanisms.  The  type  2  aspect  of  the  work  is 
essentially  an  extension  of  the  approach  of  Ander¬ 
son  et  al.  [1988].  Here  we  initially  use  nine  different 
convection  patterns  derived  from  actual  drift  mea¬ 
surements  made  during  nine  consecutive  DMSP  F8 
satellite  passes.  This  is  an  appealing  approach  be¬ 
cause  if  much  of  the  structure  in  the  F  region 
depends  simply  on  the  time  dependence  of  the 
cross-tail  potential  and  the  polar  cap  radius,  then 
ion  drift  measurements  from  DMSP  give  us  the 
opportunity  to  monitor  that  time  dependence.  For 
the  type  3  portion  of  the  calculation  we  include 
mesoscale  regions  of  high-speed  flow  as  seen  in  five 
events  during  the  4-hour  radar  experiment  per¬ 
formed  on  February  19. 

What  we  will  show  is  that  the  sensitivity  of  the 
density  distribution  to  the  global  convection  pattern 
depends  critically  on  the  specification  of  the  flow 
trajectories  in  the  noon  and  postnoon  sectors.  Di¬ 
rect  measurements  of  the  ionospheric  flow  in  this 
region  are  not  available  from  the  DMSP  F8  satellite. 
Thus  while  this  data  can  adequately  define  the  polar 
cap  size  and  the  total  cross-polar  cap  potential,  the 
characteristics  that  are  most  critical  to  our  modeling 
are  determined  by  statistical  approximations  to  the 
latitude  and  local  time  behavior  of  the  dayside 
potential  distribution.  Such  approximations  are 
shown  to  be  inadequate  to  model  the  observed 
density  structure.  Besides  showing  how  critical  the 
global  convection  pattern  is,  we  will  also  demon¬ 
strate  the  importance  of  the  “locally”  observed 
mesoscale  hi^-speed  jets  in  creating  ionospheric 
structure.  The  conclusion  we  present  is  that  in  this 
case  both  type  2  and  type  3  mechanisms  are  playing 
a  crucial  role  in  the  structuring  of  the  ionospheric 
density.  Hence  to  successfully  model  such  a  situa¬ 
tion,  we  need  information  about  both  the  mesoscale 
structure  as  well  as  the  global  magnetospheric  con¬ 
vection  pattern. 

In  the  next  two  sections  we  describe  the  theoret¬ 


ical  model  and  its  inputs.  This  is  followed  by  three 
sections  describing  our  calculations.  We  conclude 
with  a  discussion  and  summary  of  the  results  and  a 
description  of  our  future  plans. 

Theoretical  Model 

The  F  region  model  used  in  this  study  calculates 
the  high-latitude  O'*'  ion  density  as  a  function  of 
altitude,  location,  and  time.  The  origin  of  this 
high-latitude  model  goes  directly  back  to  the  theo¬ 
retical  low-latitude  F  region  model  of  Anderson 
[1971,  1973]  which  has  been  used  over  the  last  20 
years  to  study  low-latitude  ionospheric  morphol¬ 
ogy.  Over  the  years,  this  model  has  been  general¬ 
ized  for  use  in  both  the  mid-  and  high  latitudes.  The 
two  major  differences  between  the  low-  and  high- 
latitude  models  are  the  vastly  different  electric 
fields  required  and  the  need  to  include  particle 
precipitation  in  the  high-latitude  model.  Together, 
these  high-,  mid-,  and  low-latitude  F  region  models 
make  up  the  F  region  component  of  the  global 
Phillips  Laboratory  Ionospheric  Model. 

The  model  determines  the  O'*'  ion  density  by 
numerically  solving  the  time-dependent  ion  (O'*") 
continuity  equation  given  by  (1); 

BNi 

+  V-(N,V.)  =  Fi-Z,i  (1) 

ot 

Here  Al,-  is  the  ion  density,  V,-  is  the  ion  velocity,  P,- 
is  the  production  rate,  and  L,-  is  the  ion  loss  rate.  To 
solve  (1)  requires  transforming  the  independent 
variables  from  a  spherical  r,  6,  <p  coordinate  system 
to  one  which  defines  directions  parallel  and  perpen¬ 
dicular  to  B.  After  some  rearrangement  (1)  takes  the 
form 

dNi 

—  +  V,.,  •  VNi  =  Pi  -  Z.,-  -  V  •  (iV,V,i|)  -  N,V  •  Va 

ot 

(2) 

The  left-hand  side  of  (2)  gives  the  time  rate  of 
change  of  ion  density  in  a  reference  frame  which 
drifts  with  the  V,-x  convection  velocity  where  V,-x  = 
E  X  B/B^.  The  production  rate  includes  production 
by  photoionization,  photoelectron  impact  ioniza¬ 
tion,  particle  precipitation,  and  nocturnal  photoion¬ 
ization.  The  loss  rate  occurs  by  charge  exchange 
with  N2  and  O2.  The  remaining  quantity  needed  for 
the  right-hand  side  of  the  equation  is  V,-||,  the 
velocity  parallel  to  the  magnetic  field.  An  expres- 
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sion  for  V,||  [Moffett,  1979]  is  derived  by  combining 
the  ion  and  electron  momentum  equations.  It  is 
within  the  momentum  equations  that  the  effects  of 
gravity,  pressure,  the  ambipolar  electric  field,  and 
the  neutral  wind  are  included  in  the  model. 

Substitution  of  the  expression  for  V/||  into  equa¬ 
tion  (2)  gives  a  linear  diffusion  equation  for  the  O 
density.  To  solve  this  parabolic  partial  differential 
equation,  the  finite  differencing  scheme  of  Crank 
and  Nicolson  is  used  to  produce  a  set  of  linear 
algebraic  equations  which  are  then  solved  using 
standard  techniques  for  inverting  a  tridiagonal  ma¬ 
trix.  By  applying  this  technique  along  a  given  mag¬ 
netic  field  line,  the  O'*'  density  is  determined  along 
that  field  line  as  a  function  of  time.  Solving  such  an 
equation  naturally  requires  that  both  initial  and 
boundary  conditions  be  specified.  For  the  initial 
condition  we  can  specify  any  O'*'  profile  along  the 
field  line  that  is  desired.  Normally,  we  use  a  generic 
profile  appropriate  for  the  initial  time  of  the  partic¬ 
ular  simulation.  For  the  lower  boundary  condition 
at  the  foot  of  the  field  line  (100  km)  we  use  the  local 
approximation  to  provide  the  O'*’  density.  At  the 
upper  boundary,  usually  above  1000  km,  we  specify 
either  a  O  density  or  flux.  Typically,  we  use  a  zero 
flux  condition.  Finally,  by  going  through  this  pro¬ 
cedure  for  many  field  lines  a  global  picture  of  the 
O'*'  density  can  be  produced.  A  detailed  description 
of  the  derivation  and  numerical  solution  of  (2)  can 
be  found  in  the  works  by  Anderson  [1973]  and 
Moffett  [1979]. 

Our  model  and  the  Utah  State  University  model 
[Schunk,  1988;  Sojka,  1989]  compare  in  the  follow¬ 
ing  manner.  The  two  models  use  the  same  approach 
to  simulate  the  F  region  ionosphere.  The  basic 
difference  is  that  ours  is  a  simpler  model.  We  solve 
the  continuity  and  momentum  equations  for  one 
species,  while  they  solve  continuity,  momentum, 
and  energy  equations  for  multiple  species.  Obvi¬ 
ously,  theirs  is  the  more  comprehensive  model, 
but  our  simpler  model  does  give  us  the  ability, 
without  needing  supercomputer  resources,  to  do 
sensitivity  studies,  test  scenarios,  and  follow  the 
thousands  of  flux  tubes  necessary  to  resolve  spatial 
structures. 

Geophysical  Inputs 

In  order  to  solve  (2)  a  large  variety  of  geophysical 
input  parameters  must  be  specified.  It  is  these  same 
parameters  that  we  were  referring  to  in  the  intro¬ 


duction  when  we  stated  that  our  purpose  was  to  see 
if  variability  in  the  inputs  will  produce  the  observed 
structure  in  the  ionosphere.  In  this  section  we 
briefly  describe  those  parameters. 

1 .  Neutral  atmospheric  densities  of  N2,  O2,  and 
O,  and  the  neutral  temperature  as  a  function  of 
altitude,  location,  time,  solar  activity,  and  magnetic 
activity  are  obtained  from  the  mass  spectrometer/ 
incoherent  scatter  (MSIS-86)  neutral  atmosphere 
model  [Hedin,  1987]. 

2.  The  horizontal  neutral  wind  as  a  function  of 
location  and  time  is  obtained  from  one  of  three 
available  wind  models:  the  empirical  model 
HWM-87  [Hedin  et  al.,  1988],  the  empirical  model 
HWM-90  [H^din  et  al.,  1991],  and  the  theoretical 
model  VSH  [Killeen  et  al.,  1987]. 

3.  The  ion  and  electron  temperatures  as  a  func¬ 
tion  of  altitude  and  time  are  based  on  the  analytic 
functions  of  Strobel  and  McElroy  [1970]  which  in 
turn  were  derived  from  incoherent  radar  scatter 
measurements  made  at  Millstone  Hill  during  solar 
minimum.  Another  temperature  that  is  needed  is 
the  effective  temperature  that  is  used  in  evaluating 
the  ion  loss  rate.  We  use  the  simple  expression  due 
to  Schunk  et  al.  [1975]  which  contains  an  explicit 
dependence  on  the  square  of  the  magnetospheric 
electric  field. 

4.  Solar  extreme  ultraviolet  (EUV)  fluxes  are 
derived  from  the  reference  spectrum  SC#21REFW 
and  the  associated  F10.7  algorithms  of  Hinteregger 
et  al.  [1981].  This  det^ed  spectrum  is  averaged  into 
11  energy  intervals  before  being  used  in  calculating 
the  photo  production  of  O’*" . 

5.  The  production  of  from  photoelectron 
impact  ionization  is  based  on  the  work  of  Richards 
and  Torr  [1988],  where  they  parameterized  the 
results  of  electron  transport  calculations  of  ioniza¬ 
tion  rates.  The  rates  are  given  as  a  firaction  of  the 
photoionization  rate. 

6.  The  characteristics  of  the  auroral  electron 
precipitation  are  obtained  from  the  statistical  pat¬ 
terns  of  electron  integral  energy  flux  and  average 
energy  as  measured  by  DMSP  satellites  [Hardy  et 
al,  1987]. 

7.  The  nighttime  scattered  EUV  photons  are 
assumed  to  consist  of  three  lines  at  834A,  584A,  and 
304A.  The  intensities  are  based  on  Knudsen  et  al. 
[1977]  and  Chakrabarti  et  al.  [1984].  The  nocturnal 
ionization  rates  are  calculated  by  assuming  that 
these  photons  are  incident  at  the  top  of  the  iono¬ 
sphere. 
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Potential  with  corotation  in  mag.  coord. 
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Figure  1.  Contours  of  potential  for  the  combination  of  corotation  with  a  Hairston  and  Heelis 
magnetospheric  convection  pattern.  The  contours  are  drawn  at  4-kV  intervals  and  are  shown  in  a 
corrected  magnetic  latitude  (50°-90”)  and  magnetic  local  time  polar  plot.  The  asterisks  mark  the 
position  of  Sondrestrom  for  each  hour  of  local  time. 


8.  Several  E  x  B  convection  patterns  are  imple¬ 
mented  for  use  in  the  model  {Heelis  et  al.,  1982; 
Heppner  and  Maynard,  1987;  Hairston  and  Heelis, 
19%].  The  inputs  that  specify  a  particular  convec¬ 
tion  pattern  vary,  depending  on  which  one  is  being 
used,  and  will  be  discussed  later. 

Preliminary  Simulations 

As  described  in  the  introduction,  our  purpose  is 
to  simulate  the  ionosphere  over  Sondrestrom  for  a 
particular  day  by  including  the  effects  of  both  a 
time-dependent  global  convection  pattern  and  me- 
soscale  high-speed  flows.  In  order  to  provide  a 
context  for  our  simulations  we  discuss  in  this  sec¬ 
tion  several  preliminary  issues  and  calculations. 

Since  one  of  our  primary  interests  is  on  the 
effects  of  time-varying  convection,  we  begin  the 
section  with  an  example  of  one  of  the  convection 
patterns  that  we  will  be  using.  In  Figure  1  we  show 


contours  of  electric  potential  for  a  Hairston/Heelis 
(HH)  magnetospheric  convection  pattern  combined 
with  the  corotation  potential.  The  contours  are 
drawn  at  4-kV  intervals  and  are  shown  in  corrected 
magnetic  latitude  and  local  magnetic  time  for  50®  to 
90°  north.  These  contours  are  also  the  trajectories 
of  the  plasma  moving  due  to  the  E  x  B  drift  that 
results  from  the  presence  of  this  potential.  The 
asterisks  mark  the  position  of  Sondrestrom  for  each 
hour  of  local  time.  This  plot  is  UT  independent 
because  the  corotation  potential  is  calculated  ne¬ 
glecting  the  difference  between  the  geographic  and 
geomagnetic  poles.  However,  for  all  other  aspects 
of  the  model  the  offset  of  the  poles  is  included,  and 
hence  other  “UT  effects”  can  be  modeled. 

In  Figure  1  we  can  identify  three  types  of  trajec¬ 
tories.  First,  there  are  the  trajectories  that  make  up 
the  evening  and  morning  cells,  where  the  plasma 
motion  is  fairly  restricted  to  circulation  about  the 


200 


DECKER  ET  AL.:  MODELING  F  LAYER  PATCHES 


UT(hrs)  =  16.00 
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Figure  2.  Contours  of  calculated  peak  electron  density  (x  10^  el  cm~^)  as  a  function  of  magnetic 
latitude  (50°-90°)  and  magnetic  local  time  during  December,  solar  maximum  conditions  at  1600  UT. 
Note  the  tongue  of  ionization  (TOI)  which  crosses  the  polar  cap  as  a  result  of  strong  antisunward 
drift.  The  line  running  across  from  around  1800  UT  to  near  0600  UT  is  the  location  of  the  terminator 
at  200  km  altitude. 


minimum  and  maximum  of  the  potential.  The  sec¬ 
ond  type  of  trajectories  is  the  nearly  circular  ones 
out  at  lower  latitudes  where  the  plasma  is  basically 
corotating.  Finally,  the  third  class  of  trajectories  are 
those  where  plasma  from  lower  latitudes  can  be 
brought  in  and  across  the  polar  cap.  These  trajec¬ 
tories  are  very  important  because  they  provide  a 
path  by  which  higher-density  plasma  can  be  brought 
into  the  polar  cap  and  form  what  is  called  a  tongue 
of  ionization  (TOI),  and  in  all  the  scenarios  we  have 
seen  for  making  patches,  these  trajectories  play  a 
critical  role. 

We  next  want  to  illustrate  the  high-latitude  F 
region  that  results  from  using  a  time-independent 
convection  pattern  such  as  given  in  Figure  1.  In 
Figure  2  we  present  a  snapshot  at  16(K)  UT  of  the 
peak  F2  density  {N„F2)  from  such  a  simulation  for 
December  solar  maximum  northern  hemisphere 


conditions.  What  is  shown  are  contours  of  N„F2  in 
units  of  10^  cm“^  as  a  function  of  corrected  mag¬ 
netic  latitude  (50®-90°)  and  magnetic  local  time.  The 
straight  line  running  across  the  middle  of  the  plot  is 
the  day/night  terminator  for  200  km.  What  we  see  is 
the  same  generic  picture  that  has  been  produced  by 
nearly  all  of  the  earlier  theoretical  studies  of  high- 
latitude  morphology:  a  TOI  is  created  by  virtue  of 
what  we  labeled  the  third  class  of  trajectories  in  the 
convection  pattern.  One  difference  of  note  com¬ 
pared  to  earlier  studies  is  that  this  picture  involves 
around  4000  individual  trajectories  as  compared  to 
the  few  hundred  of  earlier  studies.  This  is  no 
particular  advantage  in  this  steady  state  convection 
case  but  is  necessary  in  cases  where  one  wants  to 
resolve  patch  structure.  Another  point  of  interest 
related  to  patches  is  that  the  TOI  provides  a  ready 
supply  of  enhanced  densities  giving  the  level  of 
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Figure  3.  The  critical  frequency  of  the  Fi  peak  i^foF-i)  in  MHz  as  a  function  of  solar  local  time  at 
Millstone  Hill  on  February  19,  1990.  The  observed /0F2  (solid  curve)  is  compared  with  that  from  a 
simulation  (dashed  curve). 

contrast  that  is  observed  between  patches  and  the 
background  plasma.  We  can  also  understand  the 
Anderson  et  al.  [1988]  results  in  terms  of  such  a 
simulation.  When  they  used  the  convection  pattern 
with  a  12°  radius,  Thule  was  not  under  the  TOI,  but 
saw  plasma  trajectories  from  the  dusk  cell  and 
hence  low  N^F^-  When  the  change  was  made  to  the 
15°  radius  pattern,  a  broader  TOI  was  produced 
such  that  it  then  passed  over  Thule,  resulting  in  a 
sevenfold  enhancement  of 
We  now  turn  to  the  day  of  interest,  February  19, 

1990.  We  begin  our  discussion  of  the  day  by  pre¬ 
senting  a  simulation  of  the  ionosphere  above  Mill¬ 
stone  Hill  and  comparing  with  digjsonde  observa¬ 


tions.  This  allowed  testing  of  the  model  for  that  day 
without  the  complication  of  the  E  x  B  convection. 
In  Figure  3  we  show  /0F2  from  the  simulation 
(dashed  curve)  and  the  observed  from  the 
Millstone  digisonde  (solid  curve).  This  type  of 
agreement  is  typical  of  recent  modeling  results 
presented  at  the  Coupling  Energetics  and  Dynamics 
of  Atmospheric  Regions  (CEDAR)  Meeting,  in  the 
workshop  entitled  Problems  Related  to  Ionospheric 
Modeling  and  Observations  (PRIMO)  and  gives  us 
some  confidence  that  on  this  day  we  were  producing 
reasonable  densities  in  the  daytime  midlatitudes. 

For  the  first  calculation  at  Sondrestrom  we  set 
the  magnetospheric  convection  to  zero  and  again 
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Sondrestrom  Feb  19  1990 


Figure  4.  The  critical  frequency  of  the  F2  peak  (/^Fj)  in  MHz  as  a  function  of  universal  time  at 
Sondrestrom,  Greenland,  on  February  19,  1990.  The  observed /^Fz  (solid  curve)  is  compared  with 
that  from  a  simulation  (dashed  curve)  having  zero  magnetospheric  convection. 


included  only  corotation.  The  idea  was  not  that  we 
expected  corotation  to  be  occurring  at  Sondre¬ 
strom,  but  rather  we  wanted  to  have  a  baseline  to 
compare  with  when  we  did  include  convection.  In 
Figure  4  we  show  the  calculated  fop2  compared  to 
digisonde  data  taken  on  February  19,  1990,  at 
Sondrestrom.  The  dashed  curve  represents  the  sim¬ 
ulation,  and  the  solid  line  represents  the  observa¬ 
tions.  Examining  the  results  we  see  that  with  coro¬ 
tation  there  is  a  complete  lack  of  the  type  of 
structure  seen  in  the  data.  In  the  early  morning  the 
data  show  considerable  structure  which  we  could 
speculate  is  due  to  some  sort  of  remnants  of  a  TOI 


reaching  Sondrestrom  around  local  midnight.  Turn¬ 
ing  to  the  afternoon  we  again  see  considerable 
structure  in  the  data  around  the  time  when  Sondre¬ 
strom  might  be  coming  under  a  TOI.  Though  some¬ 
what  surprising,  you  will  note  that  the  envelope  of 
the  observed  densities  are  comparable  to  what 
corotation'  produces . 

Simulating  Time-Dependent  Convection 

In  this  section  we  describe  our  attempts  to  model 
the  ionosphere  over  Sondrestrom  using  our  type  2 
mechanism:  time-dependent  global  convection.  The 
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approach  used  was  an  extension  of  the  Anderson  et 
al.  scenario.  That  is  we  allowed  the  cross-tail  potential 
drop  and  the  polar  cap  radius  to  change  at  specific 
times  during  the  simulation.  Our  approach  differed 
from  Anderson  et  al.  in  four  ways:  (1)  we  considered 
nine  different  convection  patterns  not  just  two,  (2)  the 
patterns  were  derived  from  DMSP  satellite  data  on 
the  given  day,  (3)  all  the  parameters  that  define  the 
Hairston/Heelis  convection  pattern  were  allowed  to 
change,  and  (4)  we  compared  calculated  N„F2  with 
digisonde  data  from  that  day.  We  should  mention  that 
the  point  of  comparing  to  data  was  not  that  we 
expected  to  get  detailed  agreement;  rather  the  data 
gave  us  a  “yardstick”  to  use  in  assessing  our  results. 

The  nine  patterns  that  were  used  for  the  simula¬ 
tion  were  derived  from  ion  drift  measurements 
made  during  nine  F8  satellite  passes  between  0241 
and  1615  UT  on  February  19,  1990.  During  this 
period  was  both  positive  and  negative,  whUe  By 
remained  mostly  negative.  In  seven  of  the  nine 
passes  a  two-cell  pattern  seemed  to  be  established, 
and  we  used  Hairston  and  Heelis  [1990]  patterns. 
For  the  remaining  two  passes  we  used  Heppner  and 
Maynard  [1987]  (hereinafter  referred  to  as  HM)  for 
B^  weakly  northward  and  By  negative.  Over  these 
nine  patterns  the  most  dramatic  differences  were  in 
the  cross-tail  potentials  (varied  from  41  to  95  kV) 
and  the  polar  cap  radii  (ranged  from  1 1“  to  20®).  For 
this  calculation  rather  than  running  a  full  global 
simulation,  we  followed  Anderson  et  al.  [1988]  and 
just  calculated  those  trajectories  that  passed  over 
Sondrestrom.  This  was  done  by  selecting  the  par¬ 
ticular  ground  location  (Sondrestrom)  and  times  at 
which  we  wanted  to  calculate  altitude  profiles  of  the 
O'*’  density.  The  profiles  were  calculated  by  foUow- 
ing  flux  tubes,  whose  trajectories  passed  over  the 
station  at  the  specified  times.  In  this  simulation  we 
started  each  trajectory  6  hours  before  it  reached 
Sondrestrom.  The  initial  location  was  found  by 
tracing  backward  from  Sondrestrom  along  the  tra¬ 
jectory  dictated  by  the  convection  pattern.  On 
February  19,  1990,  interplanetary  magnetic  field 
measurements  were  available  from  just  after  0200 
UT  to  just  before  1700  UT.  Since  we  wanted  to  run 
the  simulation  during  periods  when  we  knew  the 
IMF,  this  limited  our  simulation  at  Sondrestrom  to 
just  after  0800  UT  to  around  1700  UT.  In  Figure  5 
we  see  the  results  of  using  these  nine  patterns. 
Again  we  compare  calculated  /0F2  values  with 
observed.  What  is  immediately  obvious  is  the  large 
enhancement  in  the  simulation  at  around  1400  UT. 


This  is  caused  by  Sondrestrom  rotating  under  a 
strong  TOI  a  little  bit  before  local  noon.  Clearly,  the 
enhancement  is  too  large,  but  there  is  also  the 
problem  that  other  than  one  large  peak  no  structure 
was  produced,  whereas  the  observations  show  a 
highly  structured  ionosphere. 

One  question  that  comes  to  mind  is  how  much 
confidence  can  we  have  in  the  convection  patterns 
derived  from  the  F8  data,  especially  for  those 
critical  TOI-producing  trajectories  that  pass 
through  the  noon/postnoon  region,  where  the  mag- 
netospheric  dusk  cell  convection  and  corotation  are 
roughly  equal  but  are  in  opposite  directions.  The 
first  point  to  mention  is  that  F8  is  in  a  basically 
dawn/dusk  orbit  and  gives  no  direct  information 
about  the  afternoon  sector.  Thus  the  trajectories 
that  bring  the  large  densities  into  Sondrestrom  are 
essentially  defined  by  the  assumptions  used  in  con¬ 
structing  the  mathematical  model  of  Hairston  and 
Heelis.  In  particular,  the  assumptions  that  the  con¬ 
vection  reversal  boundary  is  a  circle  and  that  the 
decay  of  the  magnetospheric  potential  equatorward 
of  that  boundary  is  the  same  at  all  local  times  are 
critical  and  in  general  not  true.  The  assumed  posi¬ 
tion  and  width  of  the  “throat,”  which  are  also 
critical  to  the  tongue  trajectories,  are  not  based  on 
the  day’s  F8  data,  but  are  statistically  derived  from 
months  of  observations. 

Another  point  that  we  need  to  discuss  is  the 
variability  of  the  IMF  on  this  day.  Figure  6  shows 
1-min  averages  of  the  three  components  of  the  IMF 
that  were  measured  by  the  IMP  8  satellite  on 
February  19,  1990.  What  we  see  is  a  day  where  B^ 
changes  sign  on  almost  an  hourly  basis  with  the 
longest  period  of  negative  B^  (1300-1400  UT)  being 
just  less  than  an  hour.  While  a  fairly  broad  consen¬ 
sus  has  been  established  regarding  the  two-cell 
convection  pattern  during  periods  of  southward  B^, 
disagreements  and  uncertainties  remain  concerning 
the  patterns  during  periods  of  northward  B^-  Even 
more  uncertainty  exists  during  those  periods  when 
the  sign  of  B^  is  undergoing  frequent  change.  As  a 
result  even  though  in  seven  of  the  nine  F8  passes  a 
two-cell  pattern  appeared  to  be  established,  under 
these  highly  variable  conditions  it  seems  very  prob¬ 
able  that  simply  changing  every  hour  or  so  between 
different  patterns  may  not  even  crudely  represent 
the  actual  time  evolution  of  the  convection  pattern. 

Our  final  point  concerns  the  radar  observations  that 
were  made  at  Sondrestrom  over  a  4-hour  experiment 
from  around  1100  to  1500  UT  on  February  19  [Valla- 
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Figure  5.  The  critical  frequency  of  the  Fi  peak  (/0F2)  in  megahertz  as  a  function  of  universal  time 
at  Sondrestrom,  Greenland,  on  February  19, 1990.  The  observed /0F2  (solid  curve)  is  compared  with 
that  from  a  simulation  (dashed  curve)  using  a  sequence  of  nine  magnetospheric  convection  patterns 
(see  text). 


dares  et  al.,  this  issue].  The  experiment  conducted 
was  designed  to  map  electron  density  and  the  velocity 
field  over  a  large  area.  While  the  thrust  of  the  exper¬ 
iment  was  to  examine  daytime  transient  events,  it 
does  provide,  to  the  west  of  Sondrestrom,  semicircle 
snapshots  of  the  convection  pattern.  We  can  then 
compare  these  observations  to  what  Sondrestrom 
would  see  if  the  patterns  we  used  were  observed  By 
the  radar.  Ignoring  the  transient  mesoscale  events 
seen  in  the  radar  we  still  find  that  at  many  times 
serious  differences  exist  between  the  radar  observa¬ 
tions  and  the  F8-derived  patterns  both  in  the  magni¬ 


tude  and  the  direction  of  the  drifts.  We  also  note  that 
the  regions  viewed  by  the  radar  are  not  directly 
sampled  by  the  F8  satellite. 

Our  conclusion  is  that  the  large  discrepancy  be¬ 
tween  the  digisonde  data  and  our  model  results  tells 
us  little  about  the  F  region  model  but  most  likely 
reflects  the  fact  that  a  series  of  F8  passes  alone  are 
inadequate  to  describe  accurately  the  time  evolu¬ 
tion  of  the  global  convection  pattern  under  the 
conditions  present  on  February  19.  However,  be¬ 
fore  we  can  move  on  and  study  the  effects  of  the 
mesoscale  convection  events,  we  still  have  the 
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Figure  6.  The  interplanetary  magnetic  field  data  measured  on  February  19, 1990,  by  IMP  8.  Shown 
from  top  to  bottom  are  1-min  averages  of  the  three  IMF  components  in  GSM  coordinates.  All  three 
traces  are  plotted  in  units  of  nanoteslas. 


problem  of  determining  whether  we  can  find  any 
time-dependent  convection  pattern  that  will  repro¬ 
duce  the  large-scale  behavior  of  the  digisonde  data. 
So  the  question  is  how  sensitive  are  the  results  in 
Figure  5  to  the  details  of  the  type  3  trajectories,  or 
alternatively,  can  our  model  produce  anything  rad¬ 
ically  different  by  using  different  combinations  of 
the  patterns  we  have  available.  To  answer  this,  we 
made  a  series  of  simulations  using  many  of  the 
convection  patterns  available:  the  Hairston/Heelis 
with  other  parameters,  different  versions  of  the 
Heppner/Maynard  A,  DE,  and  BC  patterns,  and 
various  mixtures  of  all  these.  What  we  found  was 
that  the  results  were  extremely  sensitive  to  the  type 
3  trajectories.  We  could  make  what  was  originally 
in  Figure  5  a  13-Mhz  peak  at  around  1400  UT  into  a 
thinner  peak  (less  than  30  min  in  length),  a  broader 
peak  (3.5  hours  long),  an  earlier  peak  (1300  UT),  a 
later  peak  (1600  UT),  a  smaller  peak  (9  Mhz),  or  a 
double  peak.  However,  of  greatest  interest  in  this 
case  is  a  judicious  combination  of  six  Hairston/ 
Heelis  and  Heppner/Maynard  (HHHM)  patterns 
that  give  the  results  shown  in  Figure  7.  Here  we 
again  show  simulated  foFi  (dashed  line)  compared 


to  digisonde  data  (solid  line).  We  see  that  the  large 
peak  is  gone  and  the  results  are  much  more  in  line 
with  the  observations.  The  points  here  are  (1)  there 
is  great  sensitivity  to  the  details  of  the  time-depen- 
dent  global  convection  pattern  and  (2)  some  struc¬ 
ture  can  be  produced  by  very  few  changes  in  the 
global  convection  pattern.  The  1-Mhz  step  just 
before  1400  UT  results  from  a  single  change  from  a 
Hairston/Heelis  pattern  to  a  Heppner/Maynard  DE 
pattern  at  1330  UT.  The  1-Mhz  step  just  after  1600 
UT  comes  from  the  change  back  to  the  Hairston/ 
Heelis  pattern.  The  sensitivity  to  different  patterns 
can  be  seen  by  just  comparing  Figures  5  and  7. 
Another  example  of  the  sensitivity  to  details  is  if  we 
make  the  switch  from  Hairston/Heelis  to  Heppner/ 
Maynard  just  30  min  later  at  1400  UT  rather  than  a 
1-Mhz  step  down  to  6.5  Mhz,  we  get  a  thin  peak  up 
to  9.75  Mhz  followed  by  the  drop  to  6.5  Mhz. 


Simulating  Mesoscale  Convection 

It  seems  appropriate  at  this  point,  given  the 
problems  discussed  in  the  previous  section  to  com- 
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Figure  7.  The  critical  frequency  of  the  F2  peak  {foFi)  in  megahertz  as  a  function  of  universal  time 
at  Sondrestrom,  Greenland,  on  February  19, 1990.  The  observed/^F2  (solid  curve)  is  compared  with 
that  from  a  simulation  (dashed  curve)  using  a  sequence  of  six  magnetospheric  convection  patterns 
(see  text). 


ment  on  why  we  chose  to  study  a  day  that  appears 
to  be  so  ill-suited  for  modeling.  The  sole  reason  was 
the  availability  of  radar  observations  that  included 
several  transient  high-speed  plasma  flow  events  that 
were  collocated  with  regions  of  low  F  region  den¬ 
sity  [Valladares  et  aL,  this  issue].  Our  hope  was  to 
use  the  radar  drift  observations  to  model  what  we 
have  labeled  as  the  type  3  mechanism  of  patch 
formation  or  what  in  this  case  Valladares  et  al. 
called  density  break-ofif  events.  However,  we  also 
felt  that  we  could  not  just  deal  with  the  flow  events 
but  had  to  treat  the  time-dependent  global  convec¬ 


tion  that  these  events  are  embedded  within.  Thus 
we  found  ourselves  dealing  with  time-dependent 
convection  under  less  than  ideal  conditions. 

Having  found  a  time-dependent  convection  pat¬ 
tern  that  reproduces  the  larger-scale  behavior  of  the 
digisonde  data,  we  then  turned  to  the  possible  role 
of  the  observed  flow  events  in  creating  F  region 
structure.  As  already  described  in  the  previous 
section,  the  radar  experiment  on  February  19  was 
designed  to  study  transient  daytime  events.  What 
was  seen  were  five  events  that  consisted  of  fast 
plasma  flows  in  excess  of  2  km  (requiring 
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electric  fields  of  100  mV  m“').  These  flows  were 
collocated  with  enhanced  F  region  ion  temperatures 
exceeding  in  some  cases  4000°K.  These  fast  plasma 
jets  were  also  collocated  with  regions  of  low  F 
region  density,  and  Valladares  et  al.  suggest  that  the 
depletions  are  the  result  of  enhanced  ion  loss  rates 
due  to  the  large  ion  temperatures.  For  the  event 
discussed  by  Valladares  et  al.  [this  issue]  the  jet 
was  determined  to  be  at  least  2000  km  in  longitude 
and  to  cover  300  km  in  the  N-S  direction.  Under 
such  conditions  they  estimated  that  a  flux  tube 
would  reside  in  the  jet  at  least  for  a  time  as  long  as 
16  min.  On  the  basis  of  previous  theoretical  calcu¬ 
lations,  they  concluded  that  this  was  sufficient  time 
for  these  large  electric  fields  to  cause  a  sizeable  loss 
of  O"*"  density.  By  examining  both  radar  and  mag¬ 
netometer  data,  they  were  able  to  describe  the 
temporal  evolution  of  one  of  the  events.  It  was  seen 
to  arise  west  of  Sondrestrom,  intensify  while  drift¬ 
ing  over  Sondrestrom,  and  then  turn  poleward  and 
drift  up  the  coast  of  Greenland  as  it  decayed  away. 

Our  interest  was  to  include  these  events  in  our 
simulation  of  the  ionosphere  over  Sondrestrom. 
However,  as  described  above,  these  events  can 
have  quite  a  complex  temporal  behavior  that  is  not 
well  understood  and  that  we  are  not  yet  in  a  position 
to  treat  in  a  detailed  manner.  So  we  chose  not  to 
attempt  a  simulation  of  all  the  details  of  such  an 
event  but  rather  to  include  just  two  features  of  such 
events:  (1)  the  time  of  their  occurrence  and  (2)  the 
order  of  magnitude  of  their  electric  fields.  The 
electric  fields  are  approximated  by  adding  small 
circular  regions  in  which  the  potential  varies  like  a 
triangular  sawtooth  across  any  diameter.  These 
additions  are  done  at  the  observed  times  of  the  five 
events  in  the  vicinity  of  Sondrestrom  for  a  period  of 
around  16  min  each.  The  regions  have  a  radius  of  3° 
and  a  potential  amplitude  of  25  kV.  The  expected 
effect  is  that  during  these  events,  Sondrestrom  will 
pass  beneath  plasma  that  has  been  heated  for  peri¬ 
ods  of  up  to  16  min. 

In  Figure  8  we  show  the  results  (short  dashes)  of 
including  events  during  the  following  periods:  1 108- 
1124  UT,  1138-1154  UT,  1230-1300  UT,  and  1408- 
1424  UT.  The  event  starting  at  1230  UT  is  a 
combination  of  the  third  and  fourth  observed 
events.  The  long  dashed  curve  is  the  simulation 
without  the  high-speed  flow  events  that  was  shown 
in  Figure  7.  The  solid  curve  is  again  the  digisonde 
data.  We  see  that  the  mesoscale  events  have  cre¬ 
ated  significant  depletions  in  fo^z  compared  to 


the  no  event  simulation,  and  the  times  and  magni¬ 
tudes  of  these  depletions  are  in  quite  nice  agree¬ 
ment  with  some  of  the  structure  in  the  observations. 

Discussion  and  Summary 

We  have  seen,  as  have  earlier  modelers,  that 
time-independent  convection  can  lead  to  tongues  of 
ionization  bringing  large  ion  densities  into  the  polar 
cap.  In  an  attempt  to  simulate  structured  enhanced 
plasma  density  observed  over  Sondrestrom,  we 
performed  calculations  including  the  effects  of  time- 
dependent  global  convection  and  mesoscale  con¬ 
vection  events.  While  the  particular  day  studied 
was  chosen  because  of  the  observations  of  mesos¬ 
cale  events,  it  is  necessary  to  deal  with  both  the 
events  and  the  global  convection  that  those  events 
are  embedded  within.  Our  initial  strategy  was  to  use 
DMSP  F8  ion  drift  data  to  infer  nine  different 
convection  patterns  that  were  then  used  to  con¬ 
struct  a  crude  time-dependent  global  convection 
pattern.  We  did  not  expect  that  switching  between 
fixed  convection  patterns  every  couple  of  hours  was 
going  to  create  the  type  of  structure  seen  in  the 
digisonde  data.  Examination  of  the  observed  F2 
peak  concentration  in  Figure  4  shows  that  varia¬ 
tions  exist  on  many  different  scale  sizes.  Quite  large 
variations  are  seen  with  a  time  variation  of  less  than 
30  min.  Assuming  that  the  signal  is  produced  by 
density  structures  moving  through  the  digisonde’s 
field  of  view  at  about  500  m  s  “  * ,  this  corresponds  to 
a  spatial  structure  with  dimensions  of  100  km.  If  all 
we  do  is  change  our  convection  pattern  on  the 
timescale  of  hours,  we  do  not  expect  to  reproduce 
all  the  small-scale  variations.  However,  using  the 
baseline  concentration  obtained  by  assuming  a 
corotating  ionosphere  (Figure  4),  we  see  deviations 
from  this  baseline  over  timescales  of  several  hours. 
In  particular,  we  note  that  a  significant  reduction 
from  corotation  is  seen  approximately  during  the 
period  1400-1600  hrs  UT. 

Our  comparison  made  between  model  results  and 
data  for  Millstone  tells  us  that  the  amounts  of 
ionization  that  we  produce  at  midlatitudes  are  rea¬ 
sonable.  Our  F8  derived  simulation  for  Sondre¬ 
strom  produces  a  basically  unstructured  ionosphere 
with  a  TOI  producing  a  single  large  peak.  The 
digisonde  data  at  Sondrestrom  says  just  the  oppo¬ 
site:  the  high-density  peak  is  not  present  and  the 
actual  ionosphere  is  a  highly  structured  one.  We 
believe  the  major  problem  is  that  our  description  of 
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Figure  8.  The  critical  frequency  of  the  F2  peak  (.foFi)  in  megahertz  as  a  function  of  universal  time 
at  Sondrestrom,  Greenland,  on  February  19, 1990.  The  observed  fgFj  (solid  curve)  is  compared  with 
results  from  two  simulatipns.  The  long  dashed  curve  is  from  the  simulation  shown  in  Figure  7.  The 
short  dashed  curve  is  from  a  simulation  that  includes  five  high-speed  flow  events  (see  text)  as  well 
as  the  previously  used  sequence  of  six  magnetospheric  convection  patterns. 


the  ionospheric  convection  pattern  and  the  specifi¬ 
cation  of  when  changes  in  the  pattern  occur  are 
inadequate.  The  reasons  for  this  are  (1)  F8  does  not 
sample  the  critical  afternoon  sector,  (2)  the  IMF  is 
highly  variable,  (3)  present  convection  models  are 
well  established  only  for  periods  of  southward 
and  (4)  the  observed  radar  drifts  do  not  match  well 
with  the  convection  patterns  used. 

Given  that  we  could  not  confidently  derive  the 
time-dependent  convection  from  observations,  we 
then  asked  if  we  could  find  any  combination  of 


convection  patterns  that  would  reproduce  the  large- 
scale  behavior  of  the  digisonde  data.  We  were  able 
to  find  such  a  pattern  by  using  a  sequence  of  six 
Hairston/Heelis  and  Heppner/Maynard  (hereinafter 
referred  to  as  HHHM)  convection  patterns.  The 
large  difference  between  the  F8-based  simulation 
shown  in  Figure  5  and  the  HHHM  results  shown  in 
Figure  7  can  be  understood  by  examining  the  tra¬ 
jectories  that  bring  plasma  in  over  Sondrestrom.  In 
Figure  9  we  show  three  such  trajectories  plotted  in 
a  geographic  latitude  and  local  solar  time  coordinate 
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Figure  9.  Plasma  trajectories  in  a  geographic  latitude  (50®~90°)  and  local  solar  time  coordinate 
system.  Asterisks  mark  the  end  of  the  trajectories  at  Sondrestrom.  The  space  between  the  circles  on 
each  curve  represents  1  hour  elapsed  time.  The  solid  curve  is  from  the  simulation  using  a  sequence 
of  six  magneto  spheric  convection  patterns.  The  dashed  curve  is  from  the  simulation  using  a 
sequence  of  nine  magnetospheric  convection  patterns. 


system.  The  asterisks  mark  the  location  of  Sondre¬ 
strom,  and  the  circles  mark  the  trajectories  into 
1-hour  segments.  The  solar  terminator  at  300  km  is 
also  drawn  in  the  figure  to  make  it  easy  to  see  when 
a  trajectory  is  in  sunlight.  The  dashed  trajectory  is 
from  the  nine-pattern  F8-based  simulation,  and  the 
solid  line  trajectories  are  from  the  HHHM  simula¬ 
tion  (without  mesoscale  events).  The  large  peak  in 
Figure  5  at  1354  UT  is  the  result  of  the  dashed 
trajectory  that  is  shown  arriving  at  Sondrestrom  at 
1030  local  solar  time.  We  can  see  that  the  plasma 
spends  6  hours  meandering  about  in  the  sunlit 
afternoon.  The  peak  is  the  result  of  both  a  large 
photoionization  source  and  of  upward  drift  due  to 
the  vertical  component  of  the  E  x  B  drift.  This  is  an 
example  of  what  we  previously  referred  to  as  the 
type  3  trajectories  that  can  produce  a  tongue  of 
ionization,  an  example  of  which  is  shown  in  Figure 
2.  Referring  to  the  potential  pattern  shown  in  Figure 


1  we  see  that  this  trajectory  is  passing  through  the 
stagnant  region  where  the  magnetospheric  dusk  cell 
convection  is  combining  with  corotation  to  produce 
small  electric  fields  and  hence  small  drifts. 

Looking  at  the  trajectory  from  the  HHHM  simu¬ 
lation  (the  solid  line)  that  arrives  at  Sondrestrom  at 
1354  UT  we  see  that  in  that  case  the  plasma  has  had 
a  completely  different  history.  In  its  final  approach 
into  Sondrestrom  it  has  spent  less  than  2  hours  in 
sunlight,  and  as  can  be  seen  in  Figure  7  has  pro¬ 
duced  a  dramatically  smaller  Fi  peak  density.  This 
trajectory  is  an  example  where  the  drift  is  domi¬ 
nated  by  the  magnetospheric  dusk  convection  cell 
which,  in  this  case,  is  from  a  Heppner/Maynard 
pattern. 

The  third  trajectory  shown  in  Figure  9  is  for 
plasma  arriving  at  Sondrestrom  at  1324  UT  and  is 
included  to  illustrate  the  difference  in  trajectories 
before  and  after  the  sharp  decrease  that  takes  place 
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Figure  10.  The  simulated  critical  frequency  of  the  F2  peak  (/0F2)  in  megahertz  as  a  function  of 
universal  time  at  Sondrestrom,  Greenland,  on  February  19,  1990.  The  solid  curve  is  from  the 
simulation  using  a  sequence  of  six  magnetospheric  convection  patterns  (also  shown  in  Figure  7).  The 
dashed  curve  is  from  a  simulation  using  the  same  sequence  of  six  magnetospheric  convection 
patterns,  except  the  heating  due  to  electric  fields  is  turned  oflF. 


in  the  HHHM  results  when  changing  from  a  Hair- 
ston/Heelis  to  a  Heppner/Maynard  pattern  (see  Fig¬ 
ure  7),  Looking  at  the  two  HHHM  trajectories,  we 
see  that  they  come  from  two  very  distinct  regions. 
However,  when  we  examine  why  the  two  trajecto¬ 
ries  produce  different  densities,  we  find  it  is  not  just 
because  of  different  sources  and  different  vertical 
drifts  but  also  because  they  have  different  amounts 
of  heating  due  to  the  electric  fields.  In  Figure  10  we 
show  the  original  HHHM  simulation  (solid  curve) 
along  with  a  calculation  where  the  heating  due  to 


electric  fields  has  been  turned  off.  We  can  see  that 
after  1330  UT,  when  we  switched  to  a  Heppner/ 
Maynard  pattern,  the/^F2  calculation  with  heating 
is  reduced  over  the  nonheating  calculation.  This 
reduction  is  due  to  electric  fields  in  the  Heppner 
Maynard  pattern,  causing  an  enhanced  tempera¬ 
ture,  which  in  turn  increases  the  O  loss  rate  due  to 
the  temperature  dependence  of  the  charge  exchange 
reaction  rates. 

Finally,  we  want  to  emphasize  that  the  HHHM 
pattern  is  one  of  expedience,  not  one  derived  from 
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that  day’s  drift  observations.  The  main  point  is  that 
the  sensitivity  of  our  results  to  the  global  patterns 
used  illustrates  the  key  role  played  in  ionospheric 
structuring  by  the  details  of  time-dependent  con¬ 
vection. 

Our  simulation  of  the  high-speed  flow  events 
illustrates  the  potential  of  transient  regions  of  high 
electric  fields  to  also  cause  structuring  of  the  F 
region.  We  find  that  including  the  five  observed 
events  in  the  simulations  creates  depletions  that  are 
of  the  same  order  of  magnitude  as  those  observed  in 
the  digisonde  data.  Examination  of  Figure  8  shows 
steps  in  the  data  around  1200  and  1300  UT,  whose 
sizes  are  reasonably  reproduced  by  the  simulation. 
The  step  down  to  lower  frequency  at  around  1400 
UT  is  a  nice  example,  where  we  see  that  both  the 
time-dependent  global  convection  and  the  mesos- 
cale  event  contribute  to  the  observed  structure.  As 
we  have  discussed,  the  radar  data  suggests  that  the 
depletions  associated  with  these  events  are  the 
result  of  increased  ion  loss  rates  caused  by  en¬ 
hanced  ion  temperatures  from  electric  field  heating 
of  the  ions.  However,  on  the  other  hand,  when  we 
add  the  high-speed  flows  into  the  global  convection 
pattern  we  can  also  perturb  trajectories  so  that  the 
plasma  that  reaches  Sondrestrom  comes  from  a 
different  location.  Thus  we  are  interested  in  assess¬ 
ing  how  much  of  the  depletions  are  due  to  enhanced 
ion  loss  rates  and  how  much  are  due  to  changing 
where  the  plasma  comes  from.  We  do  this  by 
performing  a  5-event  HHHM  simulation  with  the 
heating  due  to  electric  fields  turned  off.  In  Figure  1 1 
we  present  results  from  three  simulations:  (1) 
HHHM  with  no  events  and  no  heating  (solid  curve), 
(2)  HHHM  with  five  events  and  no  heating  (long 
dashes),  and  (3)  standard  HHHM  with  five  events 
and  heating  on  (short  dashes).  Looking  at  each 
event  we  see  that  in  all  cases  the  simulated  deple¬ 
tions  result  from  a  mixture  of  both  processes.  The 
first  event  between  1 100  and  1 130  UT  is  roughly  due 
in  equal  amounts  to  increased  ion  loss  rates  and 
changed  trajectories.  The  second  event  is  initially 
similar,  but  toward  1200  UT,  it  becomes  dominated 
by  increased  ion  loss.  From  1215  to  1230  it  is  the 
change  in  trajectory  that  makes  the  difference.  The 
combined  events  from  1230  to  1300  UT  are  seen  to 
be  dominated  by  increased  ion  loss  rates  (this  is  the 
event  studied  in  detail  by  Valladju-es  et  al.).  Finally, 
the  event  at  around  1430  is  another  example  of  both 
processes  playing  a  role.  So  the  key  point  is  that  the 
simulated  transient  mesoscale  events  created  signif¬ 


icant  structure,  but  they  did  do  so  via  enhanced  ion 
loss  rates  and  by  changing  where  the  plasma  comes 
from. 

Because  the  mesoscale  events  occur  embedded 
within  a  global  convection  pattern,  we  can  ask  how 
dependent  on  the  global  patterns  used  are  our 
conclusions  concerning  the  mesoscale.  To  examine 
this,  we  performed  other  event  simulations  using 
quite  different  sets  of  global  convection  patterns. 
We  found  that  the  timing  of  the  event-produced 
depletions  and  the  relative  depth  of  the  depletions 
were  comparable  in  all  simulations.  Hence  we  be¬ 
lieve  that  our  conclusions  concerning  the  impor¬ 
tance  of  the  mesoscale  events  are  independent  of 
the  convection  patterns  used.  Finally,  we  want  to 
reemphasize  that  these  are  not  detailed  simulations 
of  the  temporal  and  spatial  behavior  of  the  mesos¬ 
cale  events  but  low-order  approximations  of  their 
behavior.  As  such,  we  believe  their  importance  is 
due  to  what  they  say  about  the  potential  of  mesos¬ 
cale  events  to  produce  structure  rather  than  to 
whether  they  can  reproduce  a  particular  day’s  data 
in  great  detail. 

We  have  shown  that  both  the  type  2  and  type  3 
mechanisms  can  play  a  role  in  structuring  the  F 
region  ionosphere.  However,  we  have  found  that 
our  division  between  the  two  mechanisms  is  even 
cloudier  than  we  thought.  The  global  convection 
pattern  can  have  effects,  not  only  by  changing 
where  the  plasma  comes  from,  but  also  via  electric 
field  heating  effects.  Likewise,  the  mesoscale  high¬ 
speed  flows  can  act,  not  only  by  electric  field 
heating  effects,  but  also  by  changing  where  the 
plasma  comes  from.  It  is  not  clear  at  this  point 
which  is  the  rule  and  which  the  exception:  whether 
these  mechanisms  dominate  over  each  other  or  act 
together  in  a  complex  and  intertwined  manner. 

While  we  have  successfully  simulated  the  type  of 
F  region  structuring  observed  on  a  particular  day, 
what  is  obviously  missing  is  the  critical  connection 
from  actual  observed  ion  drifts  to  inferred  global 
time-dependent  convection  to  observed  F  region 
structure.  We  used  F8  data  to  infer  a  time-depen- 
dent  pattern,  but  it  failed  to  reproduce  the  large- 
scale  behavior  of  the  data.  We  used  the  model  tools 
available  to  us  to  construct  a  time-dependent  pat¬ 
tern  that  could  reproduce  the  large-scale  behavior 
of  the  data,  but  we  have  not  shown  that  it  is  a 
pattern  that  has  much  to  do  with  what  the  actual 
pattern  was.  There  are  several  things  we  can  do  to 
fill  in  the  missing  connection.  On  this  particular  day 
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Sondrestrom  Feb  19  1990 


Figure  11.  The  simulated  critical  frequency  of  the  peak  ifoFi)  in  megahertz  as  a  function  of 
universal  time  at  Sondrestrom,  Greenland,  on  February  19,  1990.  The  solid  curve  is  from  the 
simulation  using  a  sequence  of  six  magnetospheric  convection  patterns  with  the  heating  due  to 
electric  fields  turned  off.  The  long  dashed  curve  is  from  a  simulation  that  also  has  the  heating  turned 
off  and  uses  the  same  sequence  of  six  magnetospheric  convection  patterns  but  also  includes  the  five 
high-speed  flow  events.  The  short  dashed  curve  uses  the  same  six  patterns  and  five  events  but  has 
the  heating  due  to  electric  fields  turned  on  (also  shown  in  Figure  8). 


there  were  DMSP  F9  satellite  passes  that  we  have 
yet  to  take  advantage  of.  (F9  also  misses  the  after¬ 
noon  but  does  pass  over  at  around  KXK)  LT.)  We 
have  also  not  tedcen  full  advantage  of  the  radar  data. 
To  date,  we  have  only  used  it  to  compare  with 
patterns  we  are  using  but  not  to  infer  those  patterns. 
Another  potential  source  of  drift  information  are  the 
Sondrestrom  and  Qaanaaq  digisondes  that  on  Feb¬ 
ruary  19  did  make  drift  measurements  interspersed 


with  their  density  measurements.  Clearly,  we  would 
like  to  use  all  these  sources  along  with  the  full 
temporal  behavior  of  the  IMF  to  construct  a  time- 
dependent  convection  pattern.  To  do  this  will  require 
more  flexible  convection  models  than  we  had  avail¬ 
able  for  this  study.  One  of  us  (R.  A.  Heelis)  has  been 
developing  such  a  model  that  contains  fewer  of  the 
approximations  in  the  present  Hairston  and  Heelis 
model  as  well  as  greater  flexibility. 
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Even  if  we  do  everything  we  have  just  described, 
on  this  particular  day  we  may  still  find  ourselves  in 
great  difficulty  due  to  the  large  IMF  variability. 
However  successful  we  may  or  may  not  be  with  this 
data  set,  substantial  progress  in  modeling  actual 
observations  will  require  more  experiments  de¬ 
signed  to  obtain  F  region  convection  and  density 
data  at  high  spatial  and  temporal  resolution,  ideally 
during  periods  of  steady  south,  with  perhaps 
some  interesting  but  not  too  exotic  By  variations. 

Besides  attempting  to  model  actual  observations, 
theoretical  studies  on  critical  aspects  of  the  convec¬ 
tion  patterns  time  behavior  will  continue,  that  is, 
theoretical  studies  of  various  detailed  scenarios.  In 
one  such  study  [Sojka  et  aL,  1993]  we  found  that  the 
By  dependence  of  the  convection  pattern  can  play  a 
critical  role  in  large-scale  F  region  structuring.  A 
follow-up  study  by  J.  J.  Sojka  et  al.  (Patches  in  the 
polar  ionosphere:  UT  and  seasonal  dependence, 
submitted  to  Journal  Geophysical  Research^  1993) 
has  studied  the  UT  and  seasonal  dependence  of  this 
scenario.  However,  these  two  studies  have  thus  far 
created  structure  mostly  in  the  nightside  polar  cap 
and  auroral  oval.  Many  questions  remain  concern¬ 
ing  the  creation  of  F  region  structure  in  the  cusp  and 
dayside  polar  cap,  the  precise  region  that  this  paper 
has  been  concerned  with.  Also  in  this  paper  we 
have  focused  exclusively  on  the  convection  pattern, 
but  there  are  other  model  inputs  which  need  to  be 
studied  as  sources  of  F  region  structure.  In  partic¬ 
ular,  the  role  of  particle  precipitation  needs  to  be 
clarified.  Of  special  interest  is  particle  precipitation 
in  the  cusp  and/or  cleft  as  a  potential  source  of 
ionization  just  before  the  plasma  is  swept  into  the 
polar  cap  by  the  high-latitude  convection  pattern. 
This  mechanism  will  be  a  topic  of  future  studies 
using  our  high-latitude  F  region  model. 
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Abstract.  The  Global  Theoretical  Ionospheric  Model  (GUM) 
has  been  used  to  study  a  mechanism  which  generates  F-rcgion 
electron  density  enhancements  known  as  boundary  blobs.  The 
model  calculate  the  0"^  density  as  a  function  of  altitude, 
latitude,  and  local  time.  It  includes  the  effects  of  production 
of  ionization  by  solar  extreme  ultraviolet  radiation  and 
electron  precipitation;  loss  through  charge  exchange  with  N2 
and  O2;  and  transport  by  diffusicHi,  neutral  winds,  and  ExB 
convection  drifts.  Using  time-dependent  convection  patterns 
that  previously  were  used  to  study  polar  cap  patch  formation, 
it  was  found  that  patches  can  be  convected  out  of  the  polar  cap 
and  swept  sunward  by  the  dusk  convection  cell.  The  resulting 
structures  have  many  of  the  features  associated  with  boundary 
blobs:  extended  in  local  time  and  altitude,  narrow  in  latitude, 
located  in  the  return  flow  n^on  of  the  aurora,  and  densities 
up  to  a  factor  of  8  over  background.  These  results  are  the  first 
quantitative,  first  principles^verification  and  extension  of  the 
trajectory  modeling  of  Robinson  et  al.,  (1985). 

1.  Introduction 

"Boundary  Btob"  is  the  name  that  has  been  given  to 
enhanced  ionospheric  F  region  plasma  densities  which  have 
been  observed  to  exist  near  the  equatOTwaid  edge  of  the 
auroral  oval,  primarily  in  the  late  afternoon  and  evening  hours 
before  miHnighf:  [Bates  et  aL,  1973;  Rino  et  aL,  1983;  Weber 
et  aL,  1985].  The  term  boundary  blob  was  coined  by  Jim 
Vickrey  (private  communication,  1994)  and  they  are  most 
easily  observed  during  elevaticm  scans  of  incoherent  scatter 
radar  measurements  such  as  reported  by  Rino  et  al.  [1983] 
using  the  Chatanika  radar.  Hgure  1  is  an  example  of 
boundary  blobs  observed  on  Nov.  11, 1981,  and  it  can  be  seen 
that  one  of  the  characteristic  features  is  their  very  narrow 
latitude  structure  which  extends  in  altitude.  Boundary  blobs 
also  extend  over  large  distances  in  longitude  and  can  persist 
for  many  hours.  Hgure  2,  from  the  paper  by  Rino  et  al. 
[1983],  displays  the  location  of  a  boundary  blob  as  a  function 
of  local  time  on  Nov.  11,  1981.  On  this  day,  blobs  persisted 
for  more  than  12  hours.  In  recent  years,  there  has  been 
growing  evidence  that  there  is  a  cause  and  effect  relationship 
between  macroscopic  features  such  as  blobs  and  the 
ircegulaiities  that  are  responsible  for  radio  wave  scintillations. 
This  suggests  that  the  quantitative  modeling  of  such 
macroscale  fisatuies  as  boundary  blobs  will  be  crucial  in  any 
National  Space  Weather  Program  that  includes  the  goal  of 
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specifying  and  forecasting  F  region  irregularities., An  excellent 
review  of  the  observations,  suggested  sources,  and  modeling 
of  boundary  blobs  can  be  found  in  Tsunoda*s  1988  Reviews  of 
Geophysics  article  on  **ffigh-Latitude  F  region  Inegularities: 
A  Review  and  Synthesis". 

It  is  generally  accepted  that  the  source  of  boundary  blobs  is 
the  reconfiguration  of  polar  cap  patches  of  enhanced 
ionization  as  they  convect  anti-sunward  across  the  polar  cap 
and  then  are  distorted  by  the  two-cell  convection  pattern 
which  causes  sunward  flow  at  lower  latitudes  in  the  evening 
sector.  Polar  cap  patches  themselves  have  been  shown  to  be 
high  density  plasma  produced  by  solar  radiation  in  the  daylit 
region  equatorward  of  the  "cusp"  which  is  then  structured  as  it 
is  convects  through  the  cusp  and  across  the  polar  cap(2()()- 
1000  m/sec)  into  the  midnight  sector.  The  formation  of  these 
patches  will  be  discussed  briefly  in  the  next  section.  Robinson 
et  al.  [1985]  investigated  how  the  restructuring  of  patches  into 
blobs  takes  place  by  performing  a  trajectCHy  tracing 
calculation  using  a  two-cell  (B*<0)  convection  pattern.  In  this 
calculation,  they  defined  a  circular  region  that  straddled  both 
the  evening  and  morning  cells  of  the  convection  pattern  and 
showed  how  this  circle  over  a  three  hour  period  convected  into 
an  extremely  elongated  structure  in  longitude  and  very  narrow 
in  latitude.  While  they  did  not  actually  calculate  electron 
densitities  inside  and  outside  the  region,  they  did  demonstrate 
that  a  region  in  the  shape  of  a  circular  patch  could  evolve  into 
the  shape  of  a  blob. 

Weber  et  al.  [1985]  demonstrated  through  a  coordinated 
campaign  involving  an  airborne  all  sky  imaging  photometer, 
the  Chatanika  incoheient  scatter  radar  and  DMSP  overflights, 
that  soft  energetic  particle  piec^itation  need  not  be  the 
primary  source  for  boundary  blobs.  To  date  there  has  not  been 
a  defi^ve  study  which  has  demonstrated,  theoretically  or 
quantitatively,  that  boundary  blobs  with  their  characteristic 
narrow  latitude  extent  and  long  longitude  extent  evolve  from 
polar  cap  patches  and  are  intimately  connected  and  follow 
naturally  from  patch  formation  mechanisms.  We  demonstrate 
this  natural  evolution  quantitatively  in  this  paper. 

2.  Theoretical  Approach 

To  study  the  fonnation  of  boundary  blobs,  theoretically,  we 
use  the  Global  Theoretical  Ionospheric  Model  (C5TTM) 
developed  at  Phillips  Laboratory/CJeophysics  Directorate  and 
described  by  Decker  et  al.  [1994].  GTiM  calculates  election 
density  profiles  as  a  function  of  latitude,  local  time  and 
longitude  by  solving  the  coupled  ion  (O"^)  continuity  and 
momentum  equations  numerically.  Since  this  model 
calculates  only  ion  and  electron  densities  and  is  not  self- 
consistendy  coupled  to  thermospheric  calculations,  a  number 
of  inputs  to  GUM  are  required.  These  include  neutral 
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n  NOVEMBER  1981 


GEOMAGNETK:  NORTH  DISTANCE  FORM  CHAT^  xlO  km 


Hgure  1:  Plasma  density  cx)iitours  (xlO^  el/cm^)  measuied  by 
Chatanika  radar  (elevation  scans)  on  11  November,  1981. 
Shaded  contours  represent  a  boundary  blob  (after  Rino  er  al., 
1983) 


atmospheric  densities,  winds  and  temperatures;  solar  and 
eneiBetic  particle  ionization  rates;  diffusion  and  loss  rates  and 
transport  by  convection  ExB  drift  velocities.  Because  we  wish 
to  study  the  fonnation  of  boundary  blobs  as  a  natural 
consequence  of  the  formation  of  polar  cap  patches,  we  will 
utilize  an  already  successful  patch-generating  investigation 
which  was  carried  out  using  GUM  and  published  in  a  joint 
Geophysical  Research  Letters  paper  with  colleagues  at  Utah 
State  University  [Sojka  et  aU  1993]. 

Briefly,  it  was  demonstrated  that  polar  cap  patches  could  be 
formed  by  iii^)Osmg  a  time-dependent  variation  in  the  two-cell 
ExB  convection  pattern  which  reflected  a  change  in  the 
Interplanetary  Magnetic  Held  (IMF)  By  component,  where  By 
was  initially  positive  (>  0),  then  swit(±ed  to  By  <  0  for  one 
and  a  half  hours  and  then  switched  back  to  By  >  0.  Hgure  3 
presents  polar  cap  potential  contours  for  By  <  0  and  By  >  0 
fiom  the  Hairston  and  Heelis  [1990]  model  assuming  a  cross 
polar  cap  potential  of  80  kV  and  a  polar  cap  radius  of  12 
degrees.  The  reader  is  refened  to  the  paper  by  Sojka  et  al. 
[1993]  for  a  description  of  the  model  inputs  and  the  resulting 
patch  formation  and  a  discussion  of  calculated  F  region  peak 
densities  (NJ^2)  inside  and  outside  the  patches  which  were 
produced. 


11  NOVa^BER  1981  12  MLT 


We  plot  in  Plate  1  color-coded  values  at  2030  UT 
and  2130  UT  showing  the  polar  cap  density  structures  which 
result  when  By  was  switched  ftom  positive  to  negative  at  1700 
UT  and  back  to  positive  at  1830  UT.  These  two  plots  present 
NJ^2  values  as  a  function  of  conected  geomagnetic  latitude 
and  local  time  2  and  3  hours,  respectively,  after  the  By 
component  was  returned  to  its  initial  8  nT  value.  Notice  the 
existence  of  a  longitudinally-long  and  latitudinally-nairow 
band  of  enhanced  NJF2  values  in  the  evening  sector  at  auroral 
boundary  latitudes  of  about  65  to  70  degrees  magnetic  latitude 
This  narrow  band  is  the  distorted  remnant  of  what  was  a 
tongue  of  ionization  that  was  caught  up  in  the  evening 
convection  cell  when  By  was  switched  from  negative  to 
positive.  A  detailed  understanding  of  how  individual  regions 
of  enhanced  plasma  developed  cannot  be  readily  detennined 
fiom  these  two  snapshots  but  requires  analyzing  individual 
trajectories  that  result  fiom  the  time-dependent  convection. 
Such  an  analysis  will  be  the  subject  of  another  paper,  in  this 
paper  it  is  the  features  of  this  band  that  we  wish  to  investigate 
in  greater  detail. 

3.  Model  Results 

The  inputs  to  GTEM  and  the  conditions  for  generating  polar 
cap  patches  as  described  by  Sojka  et  ai  [1993]  are  identical  to 
the  inputs  and  conditions  for  investigating  boundary  blobs  in 
this  study.  The  only  difference  is  in  the  number  of  flux-tubes 


0000 


Hgure  2:  Location  of  boundary  blobs  as  a  function  of  MLT  Plate  1;  Contours  at  (a)  2030  and  (b)  2130  UT  as  a 

and  MLAT  measured  by  Chatanika  radar  on  11  November.  function  of  MLT  and  MLAT  fix»m  simulation  repotted  in 
1981  (after  Rino  et  al.,  1983)  Sojka  et  al.  (1993).  See  paper  for  details. 
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12  ML!  12  MLT 


00  00 


Hgurc  3:  Hairston  and  Heelis  [1990]  convection  patterns 
with  corotation  added  for  IMF  B^  southward,  where  IMF  By  = 
-8  gamma  (left  panel)  and  IMF  By  =  8  gamma  (right  panel). 
The  cross  polar  cap  potential  is  80  kV  and  the  polar  cap 
radius  is  12  degrees.  The  contours  are  drawn  at  4  kV 
intervals  and  are  shown  in  a  corrected  magnetic  latitude  (50®- 
90®)  and  magnetic  local  time  polar  plot. 


that  are  followed  as  they  convect  within  the  high  latitude/polar 
cap  region  by  ExB  drift.  For  this  study  and  the  subsequent 
figures  which  appear  in  this  section,  the  latitudinal  resolution 
is  0.2  degrees  in  magnetic  latitude.  The  resolution  in  Plate  1, 
similar  to  that  from  the  Sojka  et  aL  paper,  is  on  the  order  of 
one  degree.  Plate  1  displays  the  gross  structure  of  NJ^2  over 
the  entire  high  latitude/polar  cap  region  above  60®  cgmlat  at 
2030  and  2130  UT.  The  figures  that  display  our  calculated 
boundary  blobs  will  be  contours  of  ion  density  as  a 
function  of  altitude  and  latitude  at  two  specified  magnetic 
local  tiTTifts  (MLT)  and  two  Universal  Times  CUT),  2030  and 
2130  UT,  respectively.  We  then  compare,  in  a  general  way, 
the  calculated  blob  characteristics  with  those  displayed  in 
Figure  1  taken  from  Rino  et  al.  [1983].  The  location  of  these 
"latitude  slices”  are  indicated  in  Figure  3  and  Plate  1  as 
diagonal  straight  lines  with  tick  marks  in  five  degree  steps 
from  65®  to  80°. 

Hgure  4a  and  4b  show  calculated  density  contours  at 
22.5  MLT  at  2030  and  2130  UT,  respectively.  The  highest 
density  contour  is  lpgl0[O'^]  =  5.6  and  the  lowest  contour  is 
4.0  where  the  density  units  are  in  ions/cm^.  In  Hg.  4a  two 


boundary  blobs  occur,  centered  at  65.5°  and  68.5°  magnetic 
latitude  with  peak  densities  inside  each  blob  of  about  8x10^ 
ions/cm^  and  outside  densities  around  1x10^  ions/cm^.  Both 
the  characteristic  nanow  latitude  extent  and  the  altitude  extent 
of  observed  boundary  blobs  are  captured  in  the  calculated  O'" 
density  contours.  We  have  not  tried  to  reproduce  the 
conditions  during  the  Chatanika  elevation  scans  pictured  in 
Hgure  1  fear  this  study,  but  simply  wish  to  compare  the 
general  characteristics  to  demonstrate,  quantitatively,  that 
boundary  blobs  seem  to  naturally  result  from  the  fonnation  of 
polar  cap  patches  -  at  least  when  the  patches  are  formed 
through  a  time-varying  convection  ExB  drift  pattern.  In 
Hgure  4b.  one  hour  later  in  UT,  the  boundary  blobs  have 
moved  slightly  lower  in  latitude  and  are  somewhat  narrower. 
Also  the  density  between  the  blobs  is  greater  at  roughly  2x10^ 
ions/cm^. 

Hgure  5a  and  5b  now  display  calculated  density 
contours  at  16.5  MLT  for  UTs  of  2030  and  2130,  respectively. 
At  this  magnetic  local  time  the  blobs  are  at  sig^iificaiitiy 
greater  latitudes  and  the  solar  produced  ionosphere  is  readily 
apparent  below  65®  mag.  lat.  In  this  figure  the  maximum 
density  contour  is  now  1x10^  ions/cm^  while  the  minimum  is 
1x10"^  ions/cm^.  In  Hgure  5a  two  boundary  blobs  occur  at  75® 
and  78.5®  latitude  and  still  have  the  narrow  latitude  extent  of 
1®  to  2®  and  an  enhanced  altitude  extent.  In  contrast,  four 
blobs  occur  at  2130  UT  and  three  of  them  are  narrower  and 
the  one  at  80°  is  wider.  In  the  paper  by  Rino  et  al,  they  find 
that  on  Nov.  11,  1981  the  boundary  blobs  move  to  higher 
magnetic  latitude  at  earlier  local  times,  in  rough  agreement 
with  our  findings. 

4.  Summary 

While  the  observed  characteristics  of  boundary  blobs  has 
been  well  documented  and  the  source  of  these  high  latitude 
features  has  been  proposed,  qualitatively,  in  previous 
investigations,  no  quantitative,  first-principles  study  which 
validated  the  suggested  physical  mechanisms  has  been  carried 
out.  We  have  shown  in  this  paper,  that  many  of  the  boundary 
blob  characteristic  features  such  as  altitude  extent,  narrow 
latitude  extent  and  elongated  longitude/local  time  extent  can 
be  explained  as  a  natural  consequence  of  a)  time  dependent 
cmvection  forming  polar  cap  patches  and  b)  the  suteequent 


2030  UT  2230  MLT  o  2130  UT  2230  MLT 


CGM  Latitude  CGM  Latitude 

Hgure  4;  Calculated  O'"  ion  density  contours  at  2230  MLT  as  a  function  of  corrected  geomagnetic  latitude  and  altitude  for 
Universal  Times  of  (a)  2030  hours  and  (b)  2130  hours,  (see  text  for  details) 

218 


ANDERSON  ET  AL.:  MODELING  BOUNDARY  BLOBS 


CGM  Latitude  CGM  Latitude 


Hgure  5:  Cakulated  ion  density  contours  at  1630  MLT  as  a  function  of  conected  geomagnetic  latitude  and  altitude  for 
Universal  Times  of  (a)  2030  hours  and  (b)  2130  hours,  (see  text  for  details) 


deformation  of  these  patches  under  the  influence  of  a 
particular  ExB  convection  pattern  which  causes  the  elongation 
of  plasma  density  enhancements  along  the  equatcrwaid  edge 
of  the  auroral  boimdary.  In  addition,  the  observation  that  the 
boundary  blobs  occur  at  higher  magnetic  latitudes  at  earlier 
local  times  is  also  reproduced  in  our  simulations.  The 
observed  plasma  density  enhancements  inside  the  boundary 
blobs  compared  to  the  density  outside,  about  a  factor  of  four  or 
more,  are  also  reproduced  in  these  calculations. 

It  may  be  that  polar  cap  patches  are  produced  by  other 
mechanisms  such  as  a  change  in  the  polar  cap  radius  as 
suggested  by  Anderson  et  al,  [1988]  and  confirmed  by 
subsequent  calculations.  However,  once  patches  are  formed  in 
the  dusk  cell  portion  of  a  two  cell  convection  pattern,  then 
they  will  be  distorted  in  such  a  way  as  to  produce  boundary 
blobs  which  extend  primarily  finom  midnight  to  the  afternoon 
local  time  sector  along  the  equatorwaid  edge  of  the  auroral 
boundary.  While  the  design  of  our  simulation  favored 
producing  blobs  in  the  premidnight  sector,  cme  could  design  a 
simulation  that  would  potentially  produce  postmidnight  blobs. 
However,  it  is  not  at  all  clear  whether  one  sector  is  favored 
over  another.  There  are  observations  of  blobs  in  both  sectors, 
however  most  of  the  observations  we  arc  familar  with  have 
been  made  in  the  prcmidnight  sector.  Further,  while  either 
sign  of  By  is  equally  possible,  corotation  does  introduce  a 
basic  asymmetry  into  the  system.  In  order  to  resolve  such 
issues,  a  study  of  the  predicted  morphology  of  boundary  blobs 
will  be  a  critical  topic  for  future  work.  Finally^  we  should  note 
that  two  other  types  of  blobs  have  been  identified  in  the 
literature  \Tsunoda,  1988].  They  are  sub-auroral  and  auroral 
blobs  and  they  are  mainly  identified  by  where  they  arc  found. 
Whether  they  arc  simply  boundary  blobs  appearing  in  other 
locations  or  whether  other  processes  arc  occuring  is  an  open 
question.  We  want  to  emphazise  that  in  thk  paper  we  have 
investigated  just  one  scenario  for  making  just  one  type  of  blob 
and  that  other  scenarios  for  various  blobs  will  be  the  subject 
of  future  work. 
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